Preliminary analysis of long-range aircraft designs for future heavy airlift missions by Nelms, W. P., Jr. et al.
NASA TECHNICAL 
MEMORANDUM 
NASA TM X- 73,131 
(9lSA-TP-X-7313'1)  EAELIMINARY ANA?,YSZS CE N76-27 2'1 5 
L C N G - S A K G E  P I E C 3 A F T  CISIGKS foll FUTURL f l E A V Y  
A I P L I F T  MISSIONS (NASP) 114 F HC $ 5 . %  













PRELIMINARY ANALYSIS OF LONG-'RANGE AIRCRAET DESIGNS 
FOR FUTURE HEAVY AIRLIFT MISSlONS 
Walter Y. Nclms, Jr. 
Anies Researcll Center 
Moffett Field, California 94035 
Ronald Milrpliy 
Aif Force Flight Dy narnics Laboratory 
Wright Patterson Air Force Base 
Ohio 45433 
Alice Barlow 
Computer Sciences Corpora tion 
Mou~itain View, Califort~ia 94043 
June 1976 
https://ntrs.nasa.gov/search.jsp?R=19760020127 2020-03-22T13:59:14+00:00Z
'For sala by tha Natlonal Technical Information Sarvica. Springfield, Virginla 22161 
3 Rec~p~ent'% Catalog ho 
5 Repor! Dale 
' 6 Pertorrnrng 0,r)lnlratton code 
B Pcrformlng Org~nrzai~nn Rvport No 
A-6598 
10 Work U n ~ t  NO 
791-40-04 
11 Contracl or Grant No 
13 Typo of Rcpon and Perlod b v e r c d  
Tcchn icn l  Memorandum 
14. Sponsoring Apncy Codo 
1 R a p t  No 
NASA 'I'M X-7 3.1'31 
2 Govsrnmnt Accsuron Mn 
4 T ~ t l a  and Subtrtla 
Z'RIII,IE.II NrZRY ANALYSIS OF l.I)NI;-RAN(:IS AT RCKAFT : J ~ ! S  IGNS 
I:OK I'lJTlTRE HEAVY A1 HLIFT M I S S  TONS 
7 Authordl 
W,iltcir I]. Nelms, .Jr, , f i  Ronald liiurpl~y,ff* 
and I\lLce nnrluw+ . 
I; Pctfwrnlog O~ganrmtlon Name and A d d r w  
fiAmi1s Iir\:;t>nrch CPntcr, Noffctt 'I:ltald, (:A 94035  
h*Ai r  1:orcv Flight 1)ynamic.s I , i~bor*it i)ry,  lJrigllr 
I ' , i t & ~ ~ r s o t ~  Air Forrc R a s i a ,  OH 454'37 
1. [-r S f 8 b c e b  br&uli. M t .  V f t ? ~ ,  Ch 9 4 0 4 3  
12 S~rrsnrrng Awncy Name and Address 
N.~tionixI  A ~ ~ r o n a u t i c s  and Spare A d r n i n - l s t r ; ~ t i o ~ ~  
W;ish ingt lm,  I). [:, 211546 
+. 
15 Supplem~nlary Notm 
- 
16 Ahtree1 
r~ r ,ml~u te r i zed  d e s i g n  s t u d y  of very l a r g e  cargo a i r c r a f r  f o r  the future 
hcnvv a i l l i f t :  m i s s l o r  h a s  hprn  cr~nducted by the NASA Arnes Rcsenrrl~ Conte r ,  
us ing  tllc Alrcrcif t Synthesis program (A[:sYN'I'). The s t u d y  was reques ted  by 
the A i r  Porcc under a n  ngrepmexlt: wl~errlhy Amcs p r a v l d e s  cornputcrizcd d e s i g n  
sup1 ~ r t  t o  t h e  Air Force F l i j ~ I l t  Dynamics Laboratory,  T h i s  e f f c r t  i s  p a r t  of 
XI o e ~ ~ r ' i l l  Air Force program t o  s t u d y  Advqnecd Technology 1qrr.c A i r c r a f t  
Systcms (ATLAS),  f nc ludod  i n  t h e  A i r  Farce large airct - Jgrarn arc  invcs- 
t l g n t i o n s  of ntissit)ns s u r h  n,r I~cnvy n i r l l  f t ,  airborne n, . 3 1  lc l a u n c h ,  battle 
platform,  command and c o n t r o l ,  and n e r f a l  tanker .  The A m e s  s t u d i e s  have cnn- 
c e n t r a t e d  on 1art:r. ca rgo  a i r c r a f t  of convcnt innal  d e s i g n  with pay1 o a d s  from 
250,000 t o  350,000 I h .  Range miss ions  up t o  6500 n.mi.  and r a d i u s  miss ions  
up t o  3600 n.mi. have been cons idc rcd .  T a k ~ o f f  and l a n d i n g  d i s t ances  between 
70QO and 10,000 f t  a r e  i m p o r t a n t  c o n s t r a i n t s  on t h e  c o n f i g u r a t i o n  concepts .  
The r e s u l t s  i n d i c a t e  tha t  a c o n f i g u r a t i o n  employing c o n v e n t i o n a l  technology 
i n  a l l  d i s c i p l i n a r y  areas weighs appraximntely  2 m i l l i o n  pounds t o  a c c a m p l i s l i  
e i t h e r  a GS(IU-n.mi, rangc nl iss ion n r  a 3600-n.rr.1. r a d i u s  mission w i t h  a 
350,000-lb paylnad, Urher t h a n  paylaad and range ,  sonle of  the more impor tan t  
pnr, imrtcrs a f f e c t i n g  the v e h i c l e  d e s i g n  g r a s s  weight  are shown t o  be nerody- 
ndmic e f f i c i e n c y  (lift/drag ratio) and f u s e l a g e  s i z i n g .  
17. Kay Words 15uggsrted by Ab4nw(sl) 
Large ca rgo  a i r c r a f t ,  Sti-ciegic a i r l i f t  
mission, M i l i t a r y  helLvy a l  rl if  t air- 
c r a f t ,  A i r c r a f '  s y n t h e s i s ,  Aircrart 
d e s i g n ,  Long rangc  a i r c r a f t ,  AircrnCt  
systems a n a l y s i s  
18, Distrfbution Stntomcnt 
Unlimited 
STA9 Category - 05 
TB. Socurlty Classif. [of this ropartl 
U n c l a s s i f i e d  
20. Seeurlty Clanlf, (of this pago) 
Unclassified 
21. No. of Pnges 
1 1 5  
22, price* 
$5.25 
LARGE MILZTARY CARGO AIRCRAFT PRUJrCT TEAM 
T h i s  s t u d y  
Rcsrdrch Ccntcr 
(APFDL) r e q u c s  t 
was conducted by t h e  Advanccd Vehic le  Concepts Branch, Amrs 
, NASA, i n  response t o  a USAF-Flight Dyn:~rnic~ Laboratory 
for  support, T h e  study was conducted by: 
Walter P. Nelms, Jr, Advanced Vehicle Concepts Branch,  
Amcs Rcsearcli Cente r  
Design Branch, Air Force Bligllt: 
Dynamics Laboratory 
Alice Barlow Computer Sc iences  Corpora t ion  
A i r c r a f t  synthesis i n  the Advanced Vehicle Concepts Branch a t  Ames i s  
accolnplishod by n team of  i n d i v i d u a l s  w i t h  expert ise i n  the v a r i o u s  d i s c i -  
p l i n e s  i n  a i r c r a f t  c o n c e p t u a l  des ign .  C o n t r i b u t i o n s  t o  this s t u d y  e f for t :  i n  
thc?ir respect ive  nrcas of e x p e r t i s e  were: 
Program Cont ro l  & Oprirnizatiorl Garret Vnnderplaars  
Geometry 
Aerodynamics 
Mission Traj e c t a r y  
P r o p u l s i o n  
Weights 
Charles R ,  Castcl lano 
Ralph Cnrmichnel 
John A. Axelson 
Alan D. Levin 
Michael Tauber 
John P a t e r s o n  
Jack Morris 
Rodney 0. B a l l e y  
Walter P. N e l m s  
Alice Barlow 
Economics Charles R ,  C a s t c l l a n o  
The p a r t i c i p a n t s  wish t o  express their a p p r e c i a t i o n  t o  Major H. H, Album, 
A i r  Force Plight Dynamics L a b a r a t o r y ,  who actively p a r t i c i p a t e d  in the AGSYNT 
program correlation of t h e  C-5A a i r c r a f t  and a c t e d  a s  a c o n s u l t a n t  on the 




bypass ra t io  
drag drng c o e f f i c i e n t ,  
q S  
induced d r a g  induced drng c o e f f i c i e n t ,  
q s 
minimum drag 
minimum d r n ~  coefficient , 
q s 
wave drng 
wave drag c o e f f i c i e n t ,  
q s 
lift l i f t  c o e f f i c i e n t ,  --- 
qs 
approach lift l a n d i n g  approach l i f t  c o e f f i c i e n t ,  
q s 
l i f t - o f f  l i f t  c o e f f i c i e n t ,  - lift- +:'f lift 
rls 
trimmed l i f t  c o e f f i c i e n t ,  trimmed lift 
CIS 
root  chord, Et 
t i p  chord,  ft 
center a f  gravity location, percent M.A.C. 
compressor pressure r a t i o  
diameter, f t  
fan pressure ratio 
acceleration of gravlry, 32.2 f t/sec2 
h e i g h t ,  ft 
altitude at beginning of cruise ,  f t  
lcngt,.,  Et 
lift/drag ratio 









landln~:  approach 12f t/drng r a t i o  
El;ich r~umllcr 
design c r u i s c  b1;lch number 
maximum Mach number 
mean aerodynamic chord,  f t  
1 i m i  t load  f a c t o r  
u l t imate  load f,lctnr 
f ree-s t ream dynamic pressure, ~ b / f  t 2  
maximum dynamic p r e s s u r e ,  l b / f t P  
planform area ,  i t 2  
wettcd area,  f t 2  
s p e c i f i c  f u e l  consumption, l b / l b - h r  
s p e c i f i c  f u e l  consum~tion a t  c r u i s e ,  l b l l b - h r  
t h r u s t ,  l b  
maximum sea-level s t a t i c  t h r u s t ,  l b  
endurance t ime ,  b r  
t u r b i n e  i n l e t  t empera tu re ,  O R  
takeoff  f i e l d  l eng th ,  ft 
sea-level s t a t i c  thrus t - to-weig '  , r a t i o  of aircrqft 
sea-level s t a t i c  th rus t - to -we igh t  r a t i o  of a i r c r a f t  
thicknesti-to-chord r a t i o  
root  thickness-to-chord ratio 
t i p  th ickness - to -chord  r a t i o  
l i f t - o f f  v e l o c i t y ,  knots  
gross takeoff weight ,  lb 
weight  of i n d i v i d u a l  component, I b  
pay load ,  l b  
d e s i g n  payload, l h  
wing wcir:ht, l b  
wing uni t  weight,  1 b / f t 2  
wing weight:  f r ac t ion  
width ,  f e  
t akeo f f  wing load ing ,  l b / f t 2  
angle  of  nttnclc, deg 
f l ap  snglc ,  dcg 
,S;IU16E?p, ~ C I :  
sweep (IF qt1:lrtrr c l ~ o r d ,  deg 
sweep of l ead ing  edge, dcg 
taper r a t i o  
density, s l u g s / f t  
r a t i o  of density at a l t i t u d e  to d e n s i t y  at sea l eve l  
PRELIMINARY ANALYSIS OF LON(;-lUNGIS AIIICRAFT DESIGNS 
FOR FUTURE 1IEhVY AIRLIFT bIISSIONS 
Walter P .  Nclnls, J r . ,  Ronald Murpl~y,k and Alice bar low^^* 
h c s  Research Cen te r  
If the United S t a t e s  is  t o  meet f u t u r e  world-wide commitments, t h a  s t ra -  
t eg ic  a i r l i f t  miss ion  will likely r e q u i r e  n capability t a  p rov ide  can t inuous  
and s u s t a i n e d  iiir movement of high-valur. m i l i t a r y  equipment between t h e  con- 
t i n e n t a l  United S t a t e s  and overseas  a r e a s  w i t h o u t  r e l i a n c e  on f a r e i g n  r e fue l -  
ing  b a s e s .  The A i r  Force  has  r e s p o n s i b i l i t y  t o  i n s u r e  t h a t  the tcchnalogy I s  
a v d i l a b l a  for t h e  t i m e l y  development of such  a n  a i r c r a f t  system. I3ccnuse of  
t h e  l o n g  do~relopmcnt time r e q u i r e d  f o r  any major system, i t  Is a p p r o p r i a t e  t o  
i n i t i a t e  n program t o  develop an adequa te  d.ltn b a s e  f o r  tllesc? p o s s i b l e  f u t u r e  
a i r c r a f t ,  A new s t r a t e g i c  a i r l i f t  a i r c r a f t  w i l l  become advantageous  when 
tt.chno1ogy adv:lnecs malcc p o s s i b l e  a new system w i t h  s i g n i f i c a n t l y  Inc reased  
performance and a p e r a t i o n a l  f l c x i b i l i t -  st s u b s t a n t i a l l y  reduced c o s t .  Tllere- 
fo rc ,  t o  d~ l t c rn i ine  whcc1.1er o r  n o t  there  llas been s u f f i c i e n t  p r o g r e s s ,  a n  
assessment  a f  rhe t o t a L  spectrum o f  advanced technology is r e q u i r e d .  Tu t h i s  
end, t h e  A i r  Force i n i t i a t e d  t h e  Advanced Technology Large A i r c r a f t  System 
(ATLAS) program. The objective of t h i s  program is t o  e s t a b l i s h  t h c  m i s s i a n  
u t i l i t y  o f  ve ry  l a rge ,  advanced technology,  m i l i t a r y  a i r c r a f t  and t o  a s s e s s  
and promote the  technology d a t a  b a s e  r e l e v a n t  t o  development of t h e s e  f u t u r e  
sys tems.  The program will c o n s i d e r  whether an a i r c r a f t  des igned f a r  t h e  
s t r a t e g i c  a i r l i f t  m i s s i o n  has  t h e  p o t e n t i a l  t o  perform a l t e r n a t e  miss ions  when 
n e c e s s a r y  m o d i f i c a t i o n s  a r e  i n c o r p o r a t e d .  T h e r e f o r e ,  t h e  rol  , -  of a i rbo rne  
n ~ i s s i l e  l auncher ,  b a t t l e  p l a t f o r m ,  command and c o n t r o l ,  and ~ e s i a l  tanker w i l l  
be s t u d i e d  laear  i n  t h e  A i r  Force  ATLAS program. 
I n  suppor t  of t h e  ATLAS program, the USAP F l i g h t  Dynamics Labora to ry  
(AFPDL) . ' ? i t i a t e d  a mult iphased s t u d y  t o  assess tcchna logy  and e v a l u a t e  I n r ~ e -  
a i r c r a f t  concepts. The i n i t i a l  phase o f  t h i s  program is an in-house d e s i g n  
s tudy  conduc ted  by the AFPDL with  s u p p o r t  from NASA Ames Research Cen te r ,  and 
i n c l u d e s  d i s c u s s i o n s  w i t h  Air Force o p e r a t i o n a l  commands and p l a n n i n g  o r g a n f x -  
t i o n s .  The purpose a £  the  present:  r e p o r t  i s  t o  document t h e  r e s u l t s  of the 
des ign  s t u d i e s  by Ames Research Center  W E  c o n v e n t i o n a l  " s t a te -o f - the -a r t "  
large m i l i t a r y  cargo a i r c r a f t .  These r e s u l t s  w i l l  b e  used  a s  a s t a r t i n g  p o i n t  
f o r  c o n t i n u e d  A i r  Force s t u d i e s .  
T h e  ccmputerized des ign  s t u d i e s  have been conducted by t h e  Advanced 
Vehicle Concepts Branch of Amcs w i n g  t h e  A i r c r a f t  S y n t h e s i s  program (ACSYNT). 
*Air Force F l i g h t  Dynamics Labora to ry ,  Wright P a t t e r s o n  A i r  Force  Base, 
Ohio 4 5 4 3 3 .  
**Computer Sc iences  Corpora t ion ,  Mauntain V i e w ,  C a l i f o r n i a  94043 
Tllc. s t u d i e s  c o n s i d e r  " c o n v r n t i o n a l  dt1.qign.l'' w i t h  payluads from 250,000 t o  
350,000 lb for r.lngcs up to  6400 n,mi.  T,ilcc.~>ff and l a n d i n g  d i s t a n c e s  between 
7000 ;lnd 10,000 f t  arc impor tan t  c o n s t r a i n t s  an t l ic  con'  i gu rn l ion  cnnccp t s .  
For s p t l c i f i c d  rniasicms artd pavlo i~ds ,  veZ~iclt~s u t i l i z i n l :  convtantl(lnn1 tech-  
nolc~l;y are r ~ p t i m i z e d  frlr mirlimum ernti:; weiglit:, and p a r a m e t r i c  s e n s i t i v i t y  
nnalyklw of  :rtall?cted r1c:ii~n:; a rc  t:lvcn, The ci'f cc ts of d e s i g n  parameters  such  
as wing l o a d i n g ,  t h r u s t - t o ~ - r ~ t > i  j;?lt r a t i o ,  aspect  r a t i o ,  and fusc lnge  s i z i n g ,  
and missicln p,lr;~rriratcr:: R I I C ~  ;IS liayli)ad,  rani:^, and c ru i se  Mach number a rc  
p r c ~ c ~ t i t r d .  T h r  conf i g u r L i t  inn:; dravelnpcd i n  t h i s  studv w i l l  scrva a s  b n s e l i n c s  
i n  later work to assess t l ~ t a  t? r i r~r ts  o f  irnpri~vemcntu i n  tr*clinology s u c h  as 
supcrcrft ical  a~rodyn:nnic*s, iidv;~nccd con t ro l  sys tems ,  compo:;ite mater ia ls ,  and 
dv,inc-vd p r u p u l s  ion svs t m w ,  
Tilt. main hotly o f  tlw p r v s r n t  repor t  desc r ibes  the  m i s s i o n ,  t h e  d c s i g n  
~ u i d c l i n o s ,  ~ n d  t h ~  s t u d y  r c s t l l t s .  I n  appendix  A ,  t h e  mr t l iods  of analysis 
c ~ l ~ p l o y ~ d  i n  the study are prcsctlted, i n c l u d i n g  a b r i e f  d c s c r f p t i a n  of t h r  
ACSYNT Ilragram, modif ic i i t  i o n s  requircad tci ~htx  progrilm f o r  the p r e s e n t  s t u d y ,  
and s description o f  thc  tdkenf r and I'mding c - n l c u l n t i n n s .  A s  p o r t  of the 
s t u d y ,  the  ACSYNT progr.lni ha..: bcwn clnrrcl  a t r d  w i  C h  t h e  C-5A n l r c r a f  t , and 
this a c t i v i t y  is dcsc r ibud  i n  l ipprndix  R. 
FIISSION 
Tho missions u s ~ d  i n  t h e  presen t  s t u d y  were spec i f i ed  by t h e  AFFDL. Tha 
l ~ , l s o l i r ~ c  payload is  350,000 l b ,  and ~ i i c  a i r c r a f t  i s  t o  bc s i z e d  such that: t h i s  
payload can be  c a r r i e d  on n 6100-n.mi, range miss ion  o r  a 3600-n.~ni. rnrI ,ls 
~nLss inn  ( r e t u r n i n g  omptv) w i t h  the  niurc cr i t ic ; l l  of these  two c u n d i t i a n s  
s e r v i n g  as thc  d e s i g n  p u i n r .  Details aE t h e  b a s i c  range and radius m i s s i o n s  
a rc  prcscn tcd  i n  f i g u r c s  1 lind 2 ,  r r s p c c t i v e l y .  Once baseline designs have 
hecn c s t c l b l i s l i e d ,  parametric var fat i o n s  i n  mission and c a n f f  g u r n t i a n  pnrnmeecrs 
will lw made. 
A s  pa r t  of t h e  s t u d y ,  t h e  c f i c r t s  o f  t akeoff  and l a n d i n g  f i e l d  lengths 
on tlie v e h i c l e  design are to be inves t ignt i .d .  The r u l e s  f o r  t h e  baseline 
d e s i g n  s p e c i f y  that: tnlraoff and l and ing  s h a l l  be accompl i s l~ed  w i t h i n  8000 It 
over a 50-ft  o b s t a c l e  a t  full grass wcigl l t .  Figure 3 shows a diagram of tlzcse 
-11:ircmenl;s. The r e a s o n i n g  b c l ~ i n d  thc 8000-ft  distance and de t a i l s  of t he  
o f f  and land ing  c a L c u l a t i n n s  arc  included i n  appendix  A. 
DESIGN GUIDELINES 
General 
In a d d i t i o n  t a  t he  mission r u l e s  and f i e l d  l e n g t h  requ i rements  previously 
described, s e v e r a l  o t h e r  g u i d e l i n e s  were s p e c i f i e d  by t h e  A i r  Force f o r  t h e  
s t u d y  as  follaws: 
-Conventional wing-body-:sil des ign  
11 
- Sta te -o f - the -a r t "  base l ine  vchf clc! 
-463 ', p a l l e t i z e d  cargo 
-F luor  hcilring s t r c n g k l ~  suf f i c ien t :  t o  suppor t  t h r e e  M60A mnin C a t t l e  
t a n k s  a t  110,000 l b  each 
-Pressurized f u s e l a g e  ( i n c l u d i n g  ca rgo  compartment) 
-Farward load ing  of  mnin ca rgo  
-Prov i s ion  f o r  l o a d i n g  small. cargo  through aft f u s e l a g e  (d r ivc -  
ellrough c:apohility n o t  e s s e n t i a l )  
-JT9D engine technology 
-JP Eucl loca ted  all i n  w i , ~ g  
-Limit  land f a c t o r  = 2.50 ( u l t i m a t e  = 3.75) 
-No knee l ing  c a p a b i l i t y  i n  l a n d i n g  gear 
-Minimum c r u i s e  a l t i t u d e  g r e a t e r  thau  30,000 f t  
- S e r v i c e  cailing equal to nr g r e a t e r  than 32,000 ft 
Throughout t h e  s t u d y ,  t h e  f i g u r e  of merit: f o r  the b a s e l i n e  d e s i g n s  w i l l  
be minimum g r o s s  weight t o  accomplish n s p e c i f i e d  miss ion .  Minimum g r o s s  
weight  i s  o b t a i n e d  i n  t h e  automated o p t i m i z n t f o n  process by de te rmin ing  t h e  
optimum combination of wing l o a d i n g ,  thrus t - to-weight  r a t i o ,  wing sweep, and 
wing aspect: r a t i o ,  tsubjcct t a  a p p r o p r i a t e  c o n s t r a i n t s  such as required t akeof f  
d j s t ance .  The abovc l i s t  o f  pirrameters i n i t i a l l y  included wing th ickness- to-  
cllard r a t i o  end t a p e r  r a t i o ,  bt l t  rhc g r o s s  weight was found t n  h e  ew~enCinlly 
i n s e n s i t i v e  t o  smal l  changes i n  t h e s e  two paramete rs .  T h e r e f o r e ,  t o  conserve  
computer t i m e ,  t l icse a r c  n o t  cons idered  i n  t h e  o p t i m i z a t i o n  parameter l i s t  i n  
most of t h e  s t u d y .  
A s  a r e s u l t  o f  c o r r e l a t i n g  t h e  ACSYNT program w i t h  t h e  C-5A a i r c r a f t ,  
m u l t i p l y i n g  f a c t o r s  were a p p l i e d  t o  f ieveral  o f  t h e  component weight  e s r i m n t i n g  
r e l a t i o n s h i p s  i n  the p r e s e n t  s t u d y  t o  account  f o r  s p e c i a l  f e a t u r e s  of large 
cargo type  of aircraft, These  m u l t i p l y i n g  fac tor s  are descr ibed  i n  t h e  C-SA 
c o r r c l n e i o n  a c t i v i t i e s  i n  appcndix B, One a d d i t i o n a l  factor has been used,  
which was a r e s u l t  of e a r l y  s y n t h e ~ i s  a t t e m p t s  i n  t h e  p r e s e n t  l a r g e - a i r c r a f t  
s t u d y ,  Based on t h e  judgment of t h e  Air Forcc  and hASA design e n g i n e e r s ,  t h e  
wing u n i t  weight,  as pred ic ted  by t h e  r e l a t i o n s h i p  d e s c r i b e d  i n  appcndix A, 
appeared t o  increase too  r a p i d l y  w i t h  i n c r e a s i n g  g r o s s  we igh t ,  A s  a r e s u l t ,  
the? es t imated  wing weight f a r  t h e s e  l a r g e  c a r g o  a i r t ~ r a f t  was judged t o  be  
somewhat: h igh .  There fa re ,  a m u l t i p l y i n g  f a c t o r  o f  0.90 w a s  a p p l i e d  t o  t h e  
wing wciglit a s t l m n t l o n s  f o r  t h i s  s tudy .  Fu r the r  d i s c u s s i o n  and s u b s t a n t i a t i o n  
of t h e  r e s u l t i n g  f i n a l  wing weights are g i v e n  i n  appendix C, 
Fuselage S i z i n g  
To a c h i e v e  t h e  "best"  f u s e l a g e  c o n f i g u r a t i o n  f o r  v a r i o u s  des ign  payloads, 
t h r e e  cargo cornparanent crass s e c t i o n s  have been genera ted  by t h e  AFFDL. 
These cross s e c t i o n s  a r e  shown i n  f i g u r e  4 ,  The i n t e r n a l  carka arrangement of 
c o n f i g u r a t i o n  A ( f i g .  4 ( a ) )  is  the  same as  t h e  C-5A arrangement.  Configura- 
Lion B ( f i g .  4 ( b ) )  is  t h e  c r o s s  s e c t i o n  used f o r  t h e  b a s e l i n e  v e h i c l e .  Con- 
f i g u r a t i o n  C ( f i g .  / t (c))  is t h e  l a r g e s t  c r o s s  s e c t i o n  cons idered  i n  t h e  study. 
Figure  4(d) shows the  C-5A f u s e l a g e  cross s e c t i o n  f o r  comparisons.  The cargo 
compartment c r o s s  s e c t i o n s  were developed f o r  c o m p a t i b i l i t y  wi th  e x i s t i n g  
palleLs and c o n t a i n e r s  (mil i tary/commercia l  463 L pa l le t s  at 4500 l b / p a l l e t  o r  
air / : ;urfara  intcrmodal cclnt;lincr::) and for t l l r  rrquiremonts o f  nu ts ized  ciirf:o, 
TIlra floor-lontl b r a r i n g  mu!;t I ) c  sufficient t o  stlppnrr thrce  MGOA main battle 
tank:; n t  11I3, OUO Ill/ t;ink. The ptlt;irc ca rgo  raornpiirtnlcnt is  prassurizt.d, and 
quarttar:; for il ri>l iclf rrc3tJ i irc pr.ovir1cd. 
T ~ L '  C ; I ~ ~ : L I  f l[)[lr 1tlnj:tll is ;I funration r j f  tlctiign pay1r)nd as  ~llowri i n  
t ' i gu r ib  4. T h e  f l o o r  1cnr:tlls arc 2'15, 227 ,  and 212 f t  f o r  fuselngc c:onfit:urn- 
t i r l t ~ s  A ,  B ,  and C,  rcspc?r:tivclv, a t  tllc b o s ~ 3 i n t .  d p s i ~ n  paylorld of 350,000 l b ,  
Farword and l i f t  fusi~l.;lai~ contour:; arta dr?f i n rd  i n  figures 6 (a) and (1)) , 
rcsppcl:ivc!ly, f u r  a11 fus:cl:il:c cnnf i g u r a t i c ~ n s .  The a f t  f u ~ c l i t ~ ~  cnntdur, with 
:.I .-$n;lll opin ing  for ;i:!ce~:s I ~ i i d i n e  r j f  srn~13 cargo ,  is conei dcrcd adequate 
 or t h i s  p i i r t i c n l i ~ r  r-onfiguriition, Drivc-tIirou~:Il luadiny,  is not: seen ne an 
i l s s c ~ n t i ; l l  d e s i g n  fea ture  ftrr n futurt. l:lrp,a aircrilfl; ;)f t h i s  t y p e ,  since i t  in 
u n l i k e l v  such i ~ l r c r a f t  win1l.d be cxposed t o  n for~snrr l  combal; nrco,  Thus, 
I lcClleSilry gr t~n~i i l - . l~ ; lnd l in~ :  equipment cou1.J bc prov ided ,  anrl thc time for of f- 
londinf: w t ~ u l d  not be expected t o  bc o c r i t i c ; ~ l  f a c t o r  i n  a i r c r a f t  survivability. 
E1imin;ltion o f  thc a f t - l o ; ~ d i r ~ ~ :  rcrlulrcmcnt r e s u l t s  i n  considc?rable weight  nnd 
cos t  reductions, 
Thca combinat.ion elf lengths i n  fij:urcs 5 and 6 ( a )  and ( b )  r e s u l t s  i n  thc 
t o t a l  S ~ ~ s c l i t j i ~  Icngt l~f ;  sliown i n  f i g u r e  7. For t l lc baseline des ign  pnylo:ld of 
350,000 lb, tltc following fuse lage  cunf f ~ u r r r l i n n a  arc ob ta ined :  
Fuse1nj:c 8 is used with ;i l e n g t h  of 326 f t  Tor the i n i t i a l  basel ine d e s i g n s  
w i t h  a payload  of 350,000 Ib .  The effect  of  fuselage sizing on the  a i r c r a f t  
gross weight  is  c o n s l d e r ~ d  i n  t h e  parametr ic  variations. 
RESULTS 
Unconstrained Pir . ld I,cngt hs 
Figures 8(a; and (b)  present; carpet p l o t s  of ai rcraf t :  gross weight: a s  n 
func t ion  of wing load ing  and design c r u i s e  Mach number f o r  t h e  bas i c  range 
and rad ius  m i s s i o n s ,  r e spec t ive ly ,  wi th  n payload o f  350,000 l b .  In  a l l  
cases, the conf igura t ions  are  optinrized f o r  minimum jiross weight b u t  a r c  
without  constraint:;  for  ttlkenff and l and ing  f i e l d  length. These configura- 
t i o n s  are  d c s i ~ n e d  by the c r u i s e  c o n d i t i o n s .  The r e s u l t s  show a decrease i n  
gross  weight w i t h  an i n c r e a s e  i n  wing loading.  A l so  no te  t h a t  thcrc is 
roughly ,-I 10 pcrccnL i n c r ~ a ~ c l  i r r  minimum P , ~ O H R  w ~ i g : l l t  i n  fioir~l: lram a dt1sfl:n 
L ' T I I ~ S P  b l i l ~ 1 1  numtwr af  0,75 t o  O , H ( l ,  
L imi t  l i n e s  for v i ~ r i o u l ~  t i i k ~ o l f  d i t ~ t n n c c s  i ~ n d  for on 8000-Et lnndinp, 
f i e l d  Xcngtl~ ,Ire supcrimpot;cd on t l ic p l o t s ,  It can 1,c seen that. for botlr 
miss i o n s ,  cunf i g t ~ r n t  ions  wi tIl wing i o a d i n l : ~  below about  1 4 4  orc  a b l e  rtj mcoL 
the 8000-ft landinj: rc*quiiement. Ilowcvcr, none of t l l c s t ~  c n n f i g u r a t i o n s  con 
ncllicwe a tiikeoff of ROO0 f t  o r  l c a s ,  i n d i c a t i n g  t l r , i C  t h u  tnkac~f f  c o n d i t i o n s  
arc c r i t i c a l .  Tnlccoff r i i ? l d  lcngt11 will t l l ~ r c f o r t a  be t l l r  prllnary c o n s t r a i n t  
In tlre ~ ; t u d y ,  
Anotlir?r important conclus iot l  from rllclr:p r c s u l t s  is t l~i l t  tlrc g r o s s  wc!ishts 
f o r  t h e  r; idius rnifision a rc  g r e a t e r  than  tllol;o f o r  t l ~ a  r a n e e  mis:iion (compare 
figs. 8 (a)  and ( b ) )  . Tlicrcfr,rc t h e  rntli us n i s s i o n  w i l l  be considered '1s t h r ~  
c r i t i c a l  miss ion  i n  tllc :~rudy,  
Cons t rained Talceaf f P i c l d  Long tlis 
Tllc r e s u l t s  s11own i n  f i g u r e  8(is) t o r  tlie r a d i u s  miss ion  a r c  rcopt imiecd 
w i t h  a n  8000-ft tnkacr f  l i c l d  l e n g t h  c o n s t r a i n t ,  A carpet p l a t  uf t h e s e  
minimum gross weight c o n f i g u r n t i o n s  f o r  v a r i o u s  wing l o a d i n g s  nrrd d c s i g n  
c r u i s e  Mach numbers is shown i n  f i g u r e  9 ,  Tlicsc c o r ~ f i g u r n t i o n s  a r c  p r i m a r i l y  
designed by t h e  takeoff c o n d i t i o n s .  Reducing tile required talccoff f i e l d  
l e n g t h  o b v i a u s l y  r c s u l t s  i n  a heavier a i r c ra f t  (cumpnre f i g s ,  9 and 8 ( b ) )  
because of t h e  inc reased  thrust - to-weight  r a t i o  tha t  is n e c e s s a r y ,  Nnta t h e  
development of n L:inimum gross weigllt f o r  a  g iven c r u i s e  Mach numbcr i n  
figure 9 .  F igures  3(a) and (b)  d i d  no t  d i s p l a y  n minimum oE t h i s  s o r t .  Tlicre 
is s t i l l  roufilily a L O  p e r c e n t  i n c r c n s c  i n  going from a d c s i g n  cruise Mclch 
numbcr of 0.75 t o  0.80. 
Two b a s e l i n e  dcs ign  p o i n t s  are i d e n t i f i e d  i n  f ig r r re  9. The f i r s t  
(Fiasolina I )  i s  tlie minfmum g r o s s  weight f o r  the des ipn  m a t r i x ,  This is 
1.97  m i l l i o n  pounds and occurs a t  a wing l a a d i n g  of 125 p s f  f o r  a des ign  
c r u i s e  Mach number of 0.75. Agatn i t  should b c  emphasized t h a t  t h i s  conf ig-  
u r a t i o n  employs canvcn t iona l  technology i n  a l l  d i s c i p l i n a r y  a r e a s  thus  con- 
t r i b u t i n g  t o  the large gross weight, F i g u r e  10 shows t h r o e  views of t h e  
Base l ine  1 c o n f i g u r a t i o n ,  and t a b l e  1 presents a summary of t h e  vehicle 
c h a r a c t e r i s t i c s  i n c l u d i n g  a weight s t a t e m e n t ,  A d d i t i o n a l  i n f o r m a t i o n  in t h e  
farm of computer graphics o u t p u t  is inc luded  i n  appendix D.  For the 
Basel ine  1 c o n f i g u r a t i o n  shown, t h e  wina span is  about 400 f t  and the 
o v e r a l l  l c n g t h  i s  about 360 f t .  For comparison, t h e  C-5A a i r c ra f t  h a s  a 
span of  222 E t ,  a l c n g t h  of 246 f r ,  and a g r a s s  weight  o f  abou t  728,000 l b ,  
depending on the miss ion.  I n  o t h e r  words, t h e  Basd ine  I c o n f i g u r a t i o n  has  a 
g ross  we igh t  about 2 .5  t imes  t h a t  of t h e  C-5A and a lmost  t w i c e  t h e  span ,  As 
f i g u r e  10 shows, t h e  c o n f i g u r a t i o n  i s  of c a n v e n t i e n a l  wing-bady-tail  d c s i g n ,  
and t h e  overall f e a t u r e s  arc seen  t o  bc s i m i l a r  t o  t h e  C-5A a i r c r a f t ,  t h a t  i s ,  
a Iligl.1 wing,  t e e - t a i l  concep t .  The c o n f i g u r a t i o r ~  h a s  nose-loading capability 
s i m i l a r  t o  t h e  C-5A, but has o n l y  l i m i t e d  access i n  t l lc r e a r .  Eight  turbofan 
engines  of bypass r a t i o  5 .1 ,  each wi th  58,561 I b  of s e a - l e v e l - s t a t i ~  t h r u s t ,  
are mounted on the  wings. A l t e r n a t e  numbers of engines  arc cons idered  i n  t h e  
pa ramet r i c  v a r i a t i o n s .  
111 ( : t ) ~ ~ s i d e s j i ~ ; :  t l l i b  ~ ~ ~ ) t l ~ r r . i . ~ : ~ i ~  ~ * c ~ ~ ~ l ' i ~ ; ~ l r i l t i o n : i  i.11 f i~11r-v ll., i t  i s  per t inmt  
tc l  nli'tlt irm :irll1tt* of t l i it  cnIit~csk:, or v:ri i ic:i~t i ~ ) 1 1 : ;  t.hac a r t ?  m:ide of' t l ~ c  rli!sien 
: 1 1 t  'l'1it:stt c'f~i~cl<s ; i r t l  d ~ ~ s i r ; : l ~ l t ?  to v t ~ i f y  t h a t  t h e  strrrIy rlonfir:llr;itinns 
11;ivi~ t ! t ? ~ t i l l ~ l  r:l~;ir:ir't~l'i:it h i  tli:~t, ;~c~c:i~fditlf: t o  c~Ii:inccrin): .Judt:mcnt, a r e  not 
tin1 i k r !  those  of simll.:ir L ? : E ~ H  t inf: ; ~ f  r ( l r . ;~ f  t , T:or t!~:lmple , I t  i s  C X P C C ~  d t 11:lt 
t l ~ t a  t j i ~ ~ i :  wpI j!ht clrl  :I ])t~r-:;qu;lrt?-f (lo1 1 i ; i ~  i s i'or t:Ilr>sc? 1arj:c s tudy  c!onf i~:t lrnt  i o n s  
::110111(1 be s f m i  lar or s n r n r ~ w I ~ ; i t  tll!;ivI er tliiln t b r l t :  of ( .xis  tin;: large t r n n s p a r t  
, i i~+tir;if  t , 'f'Ii I:;, it) P:IL:L ,  t~;i:i f ntlnd to hc thv c7.;1sc . A b r i c f  di:;cussicrn oi 
t h i s  anc1 cx:implc!r; of r ~ t l l c b r  ~ l l c c k s  or1 thr? r~1:;till:: arc  given i n  appendix (1, 
Tt is i m p c ~ r ~ i l t ~ l :  t r r  d r ~ t r ~ r m i n c  If any ; ~ : ~ r t  i c u l  lr p;ir;~mi'tcrs, other than  
ohv ious  ones  suc:h :is r;ini:c. iind p;iyln;ld, 11;lvc m;~,for  effects on t l lc  c r ~ n f i g u r n -  
t i o n  I:ross w t ~ i  ):lit. Tiii:;  if: iiccompl i:;llc!J 1,v pr?rforrnitlg optimum sc?nsi  t l v i  t y  
s t u d l ~ ? s .  'That i s ,  ;is ;1 ~~;ir;lntc?t~~r i s  vari.;.d from its h ; i ~ ; r l  i n e  vnluc, t l ~ c  
c n t i r c  c t r n f i g u r a t i o n  I s  rr~o1)timixcd to o t ~ k ~ l i n  tlic minimum g r o s s  wcigl~t f u r  n 
crlnf i ~ u r n t  f.nti ~f t h  rllr ncaw v;ll.uct n f  Lhr? p;lr;imct c r .  St?vcrnl of thcsr! opt  inum 
s t ? t ~ s i t i v i t v  :;tuclics ;lrc? ~ ~ r t a ! i ~ ! ~ ~ t c d  In this section. 
AII ilnpc~rt:lnt i t c n ~  tc. TIC i n v e s t  ig,itcld i n  t h r  prcJscnt stutly f s t h e  cf f c r t  
of fur:clngr~ rross svc:Lic~n. F i ~ t i i - c  1 2  ::liaws t l l t .  t)l'fect; of thrrsc fusr lagr~  
c r o s s  s e r t i c ) n s  prcviotisly r lc~scr i1)~r l  ( f i g ,  4)  on r l l~ .  gross weii:ht of tile 
Basclinr T drsI>:n. Paylo;lJa froni 250,01)0 l b  t o  tiic base l in t .  va lue  of 
350,000 Ib  :ire c:onsidrrivl f o r  a tnlicc~l'f' dis tancle  o: 8000 f t .  To nccommndarr 
tllc v.iriotls pnvlcl;lds, tIie fu:;cl;zgc cross sec t ion  is  lield c7onstnnt w h i l e  t h e  
l c u g t h  v a r i e s  as i n d i c a t e d  i n  f i g u r e  7 .  Again, it i s  ilnportnnc t o  nntc tha t  
a11 conffj:urnt ions i n  Eigurc '12 arr  opt imized f o r  mintmum g r o s s  wcfght .  Fusc- 
1agc cross scr t ion  A gives the Ic~wvst g r o s s  wcigll ts  by about  3 t o  4 p e r c e n t ,  
b u t  the accomsanyitlg ft1st1liiy.c. 1onj:th ds much grcntcr than the u thc r  two 
f uwclagc l cng t l i s .  T h i s  incrcwscd f ~ r s c l n g c  l e n g t h  presents  a s e r i o u s  problem 
f o r  r o t a t i o n  durinj:  t:llceoi'f and Inndine. For tllr1::e r e a s o n s ,  fuscli lgc B i s  
used as t11c h n s c l i n c  in tile s t u d y .  
Two a l t e r n a t e  numbers of eni;ines n t l lcr  th;in tllc b a s e l i n e  of ci j ;ht  a r c  
cons idc rcd  I n  fit:urc 13  for h u t h  the b n s e l i n c s  T and TI c o n f i g u r a t i o n s ,  Thc 
o p t i m i z e d  d e s i g ~ ~ s  cmployinf; h ;ind 10 ~ n g i n ~ s  arta stlawn wit11 the sea-level 
!3t.;ltir3 th ru t i t  per cn;rfntr indicr;itctl p ; ~ r c n t h c ! t i c a l l y ,  I:clr thu,qc canf i g u r a t i o n e ,  
tIlerr> ill)pe;lrs t o  ba vcry l i t  t : l u  c ~ f  tacr of tho  numhcr af c!nginc:; on ernst; 
wr!il:ht;. Tlrorcfrrrc, cil:ht o n ~ i n t w  will rc?maitl ;IS thc hnselinc value throui:hnur 
t l l ~ t  sl;udy. 
'rhe e f fec t  o f  loild f i l ce r~r  on h;~.rt,llnla I L,r 1)ruscnted I n  f i g u r e  1 4 .  
O ~ ~ t i m l z c d  configllratirrn,.; r1r t . a  : thar~n f o r  l i m i t :  luad f ; l c t o r s  frr)m 2.25 to thca 
l)nr;i*linc v,lluc of 2.5, T l ~ e  c o r r t . s ~ ) o n d i n ~  u l t :r.,..;c 1t)dd f a c t o r s  .lrta a l s o  
iurlir.ltvd. If It: i~ p o ~ ~ I l ) l ~ ?  t r l  dc:;it:n t o  t l lc 1r)wast load fa t* to r  stlawn, t he  
G r r ) H H  wcight riln h c  rcduccd by about 5 p e r c e n t  f r o m  tllc basel  i n c  I value*. 
Anorlicr i tcm of Lnturcst i:: t h o  : , cn . r i t iv i ty  of t l 1 ~  h , , l ;~ l i r lu  duslgn ti) 
riliicrvc. f u ~ 1  r e . l u i r r m c r ~ t s ,  F!firiril 15 :;howl; tlrc c'ffect uf' r ~ d u c i n g  t h e  r c s u r v c  
fur31 (pcrcont  r ~ f  i n i t i a l  f u e l )  bclow t h c  base l in t*  I v n l u c  o r  5 pe rcen t .  'rlw 
I-otlf ir:urnt ion:: h , ~ v e  cach llcr?n rcoyt imizczd 1 or tllr rcduccd rcst.rvr8 v n l ~ ~ r ~ i ; .  'If 
r l l~ .  r e s e r v e  rcquiremcncs can b e  r e l a x e d  bv ..lrout h;llt7 ( t o  2.5 ~ i e r c c n t ) ,  a 
3 percen t  r t d l  c t i u n  i n  g ross  wcil:;~t: of I,,~,q,ll lao I 1.1 j t f I ~ ~ i b l P e  
I t  is of i n t c r c s t  to dctcrminc :'IP cfier:l: O F  r :r~~i~bjning t h e  rcduccd laad 
Snr to r  and f ~ r c l  reserve rcqu i rcments .  1:lgurc l b  s;'rtows ~ ~ ~ n f i g u r a t i o n s  t h a t  
h;itrr! hccn rcc~pt imizcd  ftrr nr u l t i m a t e  lrrnd f;h*;{~r ar' 3 .  >75, ;I f u e l  r c s a r v v  of 
2 . 5  p e r c e n t ,  and f o r  v o r i o ~  - des ign  c r u i s e  M:lclir nct~nl,-rs. 2 l so  sllown f a r  
c l~mp~lr is t ln  is t h e  miriimum $;rr>ss wci~;11~ curvt! t ~ $ c n  f i-om f i g u r e  11, Sast3linc 
cc ;n f i~urae lona  I and I1 arc i d e n t i f i e d  on t h e  p l o t .  As t h e  f i g u r e  indicates, 
combining thc  rrbovc two cfrcct!;  resulrs i n  nbout an  8 p e r c e n t  r c ~ d u r t i o n  i n  
g ross  weight , 
Reducing t h c  s t r u c t u r a l  weight  o f  t h i s  wing is n plausible design 
improvement. Using advanced composite materials i n s t e a d  of aluminum migh t  
r e s u l t  i n  wlnl: weight savicgs of 20 t o  30 p e r c e n t .  The e f f e c t  of such a 
rcduccd wine weight  on the g r o s s  weight PC t h e  p r e s e n t  c o n 1 i g u r a t i o n  is shown 
In f igure  17, Optimum c o n f i g u r a t i o n s  f o r  a wing weight r e d u c t i o n  nf up t o  
20 percen t  (multiplyinp,  f a c t o r  elf 0.8) arc s11own f o r  both b;i.rcllncs 1 nrtd I1 
designs .  I n  b o t h  c:lses, ,I 20 percent: sav ing  in wing weight: t r n n s l n t c s  11rto 
roughly  a 9 p e r c e n t  r e d u c t i o n  i n  grnss we-igl~t. 
Nonaptimum S e n s i t i v i t i e s  
The p rev ious  s e c t i o n  p resen ted  optimum s e n s i t i v i t y  in format ion  o r  results 
o b t a i n e d  by reop t imlz ing  t h ~  e n t i r e  c o n f i g u r a t i o n  f a r  minimum gross weight 
when a given  parameter Is v a r i e d .  Another typc of s e n s i t i v i t y  in format ion  
that: i s  useful t o  thc  des igner  is i n  the  form of nonoptimum s e n s i t i v i t i e s .  
Tn t h i s  c a s e ,  as n given parameter is v a r i e d ,  t h c  conf i f iu rn t ion  i s  n o t  
reopkirnlzed. Tn o t h e r  words, f o r  small changes about  t h e  namtnal o r  b a s e l i n e  
value, t h e  e f f e c t  of changing only n. plvcn parameter  can be a s s e s s e d .  T h i s  
in fo rmat ion  is g e n e r a l l y  p resen ted  In t h e  form of curnerical, nondlmensional,  
s e n s i t i v i t y  f a c t o r s ,  F igure  18 presents two examples of nonoptimum s e n s i t i v -  
ities The efrcct: of thrust-to-wciglic r a t i o  (TI\+) and of wing load ing  (W/S) 
on the  g r o s s  weight  (wg) of b a s e l i n e  I i s  dcmnnatrated.  Using t h e  T/W curve 
a s  a n  excrnplc, the normalized values of  g ross  weight: (WE d i v i d c d  by the 
1);i:;tll j r ic '  clr t~rlrnill;il W),) ;Art3 p l o t  tcvl vt?r:;ti!; ~ ~ r ! ~ n ~ ; ~ l i z i ? d  T!IJ (T/W div ided  hv t h c ~  
rrcirnin;tl TJW) . Ar; i11dic:;ittacl ~ I I  tilt! fil:.:lire, tl1c1 :;l ~ipt? of t h i s  c:u;.ve about clic 
\);1:;1~1 I I I ~ J  vi1111t' p r ) i t ~ t  j:ivt*:; t l l t b  :.;clnr;it i v i  t y ,  o r  i n  orlrr:r wrux.l$;, t h e  perccnr 
I I r t i  f 1 - I  I ;  I / For  cxamplz, a 
1  -1)carr:cknt. itir*rrur;ta I n  'I'/IJ inr*rr.i1:;tz!i (plu:; :;ir:n) tlie [:ros:; wi?iglit by 0. 22 per- 
c lxnt  (o r  ;i 1 (1-lrcrccrlt ~IIL:~L';I!:L? 111 T/IJ I ~ ~ c z P ~ ~ ! ~ c ? H  the K ~ C ~ S S  weight by 2 , 2 per- 
c*t.nt) . In  r Ilcr :;ec-ttntl cxiimpl t!, I -p~.rt!c?at iacnrt!;;t;c* i n  W/S dacrt~nscs inega t  i v c  
:; 1~11) ttlc> h:ross wt?ig l l t  bv [ I .  2 5  ptlrrtltlt. 'Thi:; proc4cr;s cX;ln bc r c p ~ i l t o d  f o r  any 
nun\t~er 4.F a i r c r i~ i t  : i n r l  n~l:-;+; 1011 Ir;lr;imr*tt~rt;. 'l'llllsr nr~ndimcntiiannl s e n s i t  i v i t  i c s  
(:;it1 ~ 1 1 ~ 1 t l  r l i ~ t ! r : t l ~  c:c~c~p;iritll ;in(! ranketl, t l i ~ l s  prc~virIit~j: ~ I I P  d e s i g n e r  w i t h  n 
rilp id r ~ & l ; i t  1 vv i ~ ~ t l i i - . i t  ion tr i' t l lc  el ! ' t ? r L  of c1i;lnf:lns v:irie)u:: 1'l;lr;lrnctcrs. T h i s  
pt'r~iiit:; ,111 :~:;:;~l:;:;nitatlt of c r i t i c a l  ;irt3;1:j :ind t h t ~ r c h y  help,.; f o c u s  r c s ~ a r r h  on 
1 m i  i i f  i t  * 1 t i  'Tlic~su ::etl~jit i v i  t y  vnluc?~ a re  p;irt iculnrly  
n:;t.ful For r;ip i t 1  1 c l i ~ l t i  f i c8:lt:ion of' ovcrill 1 irnpro~er;~ontr; i n  thr? v t?h ic lc  des ign  
tlrlrl t o  1 - 3 7  '~11:1.~:: i n  tlic~ tc . r t tn~~l t~f :y  o f  ;I spt3c:if it: :irt3a. 
'I'cil)lrl 1 pri . \~ ,s l t s  ~ i ~ ~ ~ ~ h i t i v i t y  E,ictors :is (1 t~scr ib t .d  i ib~lvt~ f o r  t h e  h; isc l inc  I 
t f i i r t i o t  'I'llc s c 3 1 1 ~  i t i v i t l t ~ :  .irr d i v i d e d  i n t o  t l i rac  c n t c g o r i o ~ i :  d e s i g n  
par,lml1ttLr:;, riff i r i r ln rv  inclir,lt.or F., and missicln p n r a m r t r r s .  Design paramctc rs  
r7nn IILJ rlir~2i:tl v' r ~ > i l t r o l l  LVI by t h ~  designclr, r f  f i r i c n c y  i n d i c a t o r s  arc esaen- 
t i , ~ l l y  intc.rrnc~riiiitc1 r~asu1t . i  of  rllc. p a r t i c u l a r  design, and miss ion  pnrnmorcrs 
,ire s p c c i f  i cd br thtl dtl:: ir:tir)r as b a s i c  rcquiremcnts .  
Of tlli, d ~ s i f : n  ~i~ir+:trlctcrf;, j:rtrfis twicht is most s e n s i t i v e  t o  fuselage 
i n  ( 1  3 )  -4 LII-I IL~~CCII~ I I C ~ C ~ S L '  13 e i t h e r  Fusclagu diameter  o r  l e n g t h  
in(-rc:isrs g r o s s  wci[:ht bv 'i .4  and 4 .5  pcrcen t  , r c s p c c t i v r l y .  T b i s  i n d i c a t e s  
t l ~ t  t h v  fir1;clagt. nerodvnan~irs  and  s t ruc tu r ;z l  wcigllt arc impor tan t  cons idera -  
t ions  i n  thr. (1esif;n i > i  t h i s  conf i g u r n t i o n ,  
Of a l l  the e f f  i c iencv  pnrnmctcrs consi t lerc~d,  lt: I s  of pr imary i n t e r e s t  
tli;it the aercldytlnmic cf f i c i r n r y  ( 2  i f  t / d r a g  r a t i o )  1:ns the g rea tes t  effect: on 
w n s s  wr ig t l t  of t l ~ c  I3;lstllint. T t -oni ' ig t~rnt ic~n (tablc 3) .  T h i s  i m p l i e s  t h n t  
consider. lblc e f f o r t  shotlld he devoted to ac luev ing  ax1 c f f i c i c n t  aerodynamic 
des ign .  Otlwr ;wrndynnmir pnrnmctcrs ,  such :is minimum d r a g  and induced d rag  
(wllich, trf cclursp, r e la te  t o  t l lc ncrtldynnmir e f f i c f r n c y )  , arc1 shown t o  have n 
s i g n i f i c a n t  c f f c c t  on f:rnss w ~ i ~ : h t  of t h e  b a s ~ l i n e  concept .  Wing and fuselage 
weights  arc n l s t ~  nf  prime concern i n  the des ign  !-f this c o n f i g u r a t i o n ,  implying 
t h n t  s ign1 f i r a n t  imprt~vemcnts i n  gross weight may h e  obtl l ined through t h e  use 
o f  advanced technology i n  the  form of romros i t c  n t a t c r i a l s .  A s  may have been 
cxpcctcd, the miss ion par. lmrtcrs,  s p l ? c i f i c a l l y  des ign  r a d i u s  and des ign  
payload,  Iinve a s i g n i f i c a n t  e f fec t  an the g r o s s  we igh t  o f  b a s e l i u ~ c  I.  
I'crforrnnnce Factors 
During tllic des ign  s t u d l e s ,  ccrt;iln performance fac to rs  t h n t  a r e  o f  i n t e r e s t  
a re  determined f o r  t h e  r e s u l t i n g  c o n f i g u r a t i w ~ ~ s .  Two o f  these a r e  b r i e f l y  
d e s c r i b e d  l icrc  f n r  the  basel ine I and I1 concepts .  Figt!rc 1 9  shows mnximum 
Mach number contours a s  a f u n c t i o n  of a l t i t u d e  f o r  b o t h  baselines.  Super -  
imposed is a  l i n e  o f  mnximum dcs ign  dynamic p r e s s u r e .  Thus the  maximum Mach 
numbers arc c s t a b l i s l l c d  f o r  t l lc  configuration^ a s  0.82 and 0.84 f o r  besa- 
1-Lncs I and 11, rcspr?c t ive ly .  The figure a l s o  i n d i c a t e s  t h e  a l t i t u d e s  a t  
which cltesc occur. 
The maximurn endurance times f o r  t h e  b a s e l i n e  d e s i g n s  are  of I n t e r e s t  
s i n c c  the  aircraft  could be used on o t h e r  missions where endurance may be a 
primc f a c t o r ,  For b n s c l i n z s  I: and 11, maximum endurance t imes  a r e  shown i n  
fif:ure 20 a t  v a r i o u s  bIach numbers f o r  two c o n d i t i o n s .  First:, only  t h e  
miss ion  f u e l  is used, wit11 the 5 p e r c e n t  r e s e r v e  f u e l  remaining unboard, and 
this is shown i n  t h e  lower p n r t i o t l  o f  the f i  lure.  Second, i f  t h e  e n t i r e  pay- 
load  could be conver ted t o  F u e l ,  the endurance times p o s s i b l e  a r e  a s  shown i n  
t h e  upper p o r t i o n  u i  t h e  figure (5 p e r c e n t  r e s e r v e  f u e l  remaining) .  Using 
only the  m i s s i o n  f u e l  ( t h e  cas? of most i n t e r e s t ) ,  maximum endurance t imes  
of 20 t o  2 1  h o u r s  a r e  a c l ~ i e v a b l c  wi th  e i t h e r  b a s e l i n e  des igq .  The Mach num- 
b e r s  f o r  t h e  g r e a t e s t :  endurance a r e  seen t o  be about 0.43 znd 0.46 f o r  basc- 
l ines  I and 11, r e s p e c t i v e l y .  
Off-Design R e s u l t s  
T h i s  section d e s c r i b e s  the  e f f e c t s  of o p e r a t i n g  t h e  b a s e l i n e  conf igura-  
t i o n s  a t  o f f -des ign  c o n d i t i o n s  of speed and range. One f i g u r e  w i l l  be  
[o r  b a s e l i n e  11, and t h e  remaining figures w i l l  c o n c e n t r a t e  on b a s e l i n e  L, 
w l ~ f c h  i s  of greaerst :  in te res t  i n  t h e  p r e s e n t  s t u d y .  
The b a s e l i n e  I1 c o n f i g u r a t i o n  is  des igned  t o  c r u i s e  a t  a Mach number of 
0.80 a s  p r e v i o u s l y  d e s c r i b e d .  I f  t h i s  c o n f i g u r a t i o n  i s  t h e n  Eixed, w i t h  f u e l  
weigiit b e i n g  t h e  only variable,  a n  assasslncnt can be made of o p e r a t i n g  a t  
off -des ign c o n d i t i o n s .  P i g u r e  21  shobs t h e  e f f e c t  of o p e r a t i n g  f ixed  
b a s e l i n e  I1 a t  lower cruise  Mach numbjrs on t h e  3600-n.mi. r a d i u s  miss ion  w i t h  
t h e  bas ic  pay]-oad of 350,000 l b .  As i n d i c a t e d ,  t h e r e  i s  no p a r t i c u l a r  advan- 
t a g e  i n  terms o f  f u e l  usage i n  c r u i s i n g  t h i s  d e s i g n  a t  lower Mach numbers, a s  
t h e  g r o s s  weight  remains r s s e c t i a l l y  c o n s t a n t .  Also shown i n  f i g u r e  2 1  i s  the  
r e d u c t i o n  i n  g r o s s  weight  p o s s i b l e  (approximately  2.5 p e r c e n t )  through reduced 
f u e l  consumption as a r e s u l t  o f  o p e r a t i n g  f ixed b a s e l i n e  I T  on t h e  6100-n.mi. 
range miss ion.  Th i s  again i n d i c a t e s  t h a t  t h e  b a s r ~  rnd iu s  miss ion  s p e c i f i e d  
f o r  t h e  s t u d y  is t h e  most c r i t i c a l  when compared t o  t h e  basic range miss ion .  
P igure  22 p r e s e n t s  t h e  r e s v l t s  of o p e r a t i n g  t h e  b a s e l i n e  I c o n f i g u r a t i o n  
( c r u i s c  Mach number of 0.75) a t  o f f -des ign  c o n d i t i o n s .  The bas ic  payload of 
350,000 1b and t h e  takeoff  d i s t a n c e  of 8000 ft or l e s s  a r e  mainta ined.  Fig- 
u r e  22(a)  shows t h e  e f f e c t  of a reduced r a d i u s  miss ion  on the  g r o s s  weight  of 
t h e  b a s e l i n e  I c o n f i g u r a t i o n .  The upper c u r v e  is  f o r  a f i x e d  c o n f i g u r a t i o n  
(designed f o r  a 3600-n.mi, r a d i u s )  w i t h  f u e l  weight  t h e  only v a r i a b l e .  The 
luwer curve r e p r e s e n t s  t h e  b a s e l i n e  I c o n f i g u r a t i o n  resized f o r  each r a d i u s .  
For t h i s  l a t t e r  c a s e ,  t h e  c o n f i g u r a t i o n  i s  s c a l e d  i n  s i z e  (geometry and weight)  
b u t  has a  f i x e d  wing l o a d i n g  and thrust - to-weight  r a t i o .  
The baseline I c o n f i g u r a t i o n  was des igned  for t h e  b a s i c  r a d i u s  miss ion ,  
which has been shown t o  b e  most c r i t i c a l .  I f  this c o n f i g u r a t i o n  is  f i x e d  and 
:hen "flown" on a range m i s s i o n ,  i t  is p o s s i S l e  t o  achieve a d i s t a n c e  of 
h500 11. mi, ;is sllown i n  I igin-c. 2 2  ( b )  . 'I'llis, c > f  r t ~ u r s e ,  i s  400 n.mi,  i u r t l l e r  
tliaa ttie b i i s ~ ~ l i n i a  range miss ion  r~*clui r i~lncnts  of  6100 n,mi. 'l'hus, tile base-  
l i n t 3  I conr i ) ;u ra t  [on i:3  c<q);ihlc o f  ;icac*otnpl f sh i t ig  r l l t l lcr  n 1600-n.mi. radius 
in iss ion r)r ,I b500-n,m:, ranj;~. m i s s i o n  f o r  tllc :;amp g r o s s  wc igh t .  1:igurr 221b) 
.11:;o SIIOWS r r s u l t : ;  r.olnpiir;iblv t o  thosca of f if:urc 22  (;I)  ; that '  i s ,  o p e r a t i n g  
b a s ~ a l i n c  I at; r c d i ~ c c d  r.lnr:las clclicr '1s fi f i x e d  d e s i g n  o r  as n conf fgurn t ion  
rca.;izcd f o r  vat-h rilngr. 
[ lur ing tllu c.oursc of tile stntly, t l ~ c  Air Ib rcc  ~axprcsscd i n t e r e s t  I n  t h e  
b i ~ s t ~ l i n e  I conf i ~ u r a t  t u n  (Elcruisc 0 . 7 5 )  a t  d i f  f t.rc.nt dt?sir:n r anges  2nd pny-  
i l  Ttiercfort*,  us in^ L I I ~  ctrmputcrtzcc! d c s i g n  p rm-eas ,  ~ d d i t i o n a l  r e s u l t s  
w e n a  gr?ncr:ltud I n r  tlic range n i s s i o n  w i t h  the l ) . i s ~ l i n i ~  T c r ) n f i g u r a t i n n  ns ;I 
I),isepoint, I:igurc 23  prrascnts tllc r e s u l t s  n i  t h i s  effort. 
F i g v r c  23(;1) I s  '1 rnr1)ct p l o t  sllowli~g t l i c a  effilct; of gross w c i ~ h t  of 
r e s i z i n g  t l l c l  h; lse l ina  I c*r)nfigurntion for v,lrious payloads  and rangcf; w i t 1 1  
tllret' d i i i c r i > n t  t a l c rc~f l  r lons i r : i in ts .  Thr! b;lsel int l  I c t ~ n f i g u r a t i o n  is  sllc)wn 
i n  t h e  f i g u r e  a s  havini: a pnylcr:~d of  350,000 l b ,  ;I range or 6500 n.nli . ,  and 
;I takeoff d l s P a n r ~  of IlnOt) f t .  Thc 1)asc l inc  I des ign  is tlicn r e s i z e d  (gem- 
ctry and wcight sc:aled) f o r  the v a r i o u s  pay loads  a t ~ d  ranges  nt n c o n s t a n t  wing 
10~1ding o f  1 2 5  psi. S incc  t h r a  l i f t  c ~ c f i i c i o n t  f o r  l i f t  o f f  is maintal t tcd a t  
1 . 4 7 ,  t h e  thrust-to-weight r a t i o  varles i n  l i g u r c  23(n) f o r  t h o  t h r e e  d i f -  
icrcnt  t a k e o f f  d i s t ances  ( see  appendix A) a s  f o l l o w s :  
- -.-.--- ------- --  - A-- r Takro TI d i s t a n c e ,  ft T T l l r u s t - t o i r i  p b t  r a t i o  7 
I:ro~n C ! ~ l ~ r r ?  2 3  (a) , the gross weig11t of configurations with various combina- 
tions LIT pay load ,  range,  and t a k e o f f  distance can be  determined. 
Of p a r t i c u l a r  i n t e r e s t  t o  the A i r  Porcc i s  a c o n f i g u r a t i o n  i d e n t i f i e d  a s  
b a s e l i n e  I11 i n  f i g u r e  23(a) .  This dcsi::n h a s  a g r o s s  we igh t  of 1 . 3  mil- 
l i o n  l b ,  a payload of 350,000 l b ,  a range of 3500 n,mi., and  a t a k e o f f  
d i s t a n c e  of 8000 f t .  D e t a i l s  o f  ~ h c  basel ine I11 configuratjon are given i n  
t ab le  4 .  
T h c  ~ ~ f f e c t  of takeoff field length requirements on t h e  c o n f i g u r a t i o n  
gross  wcight is more r e a d i l y  apparent: i n  f i g u r e  2 3 ( b ) .  These r e s u l t s  were 
taken Ernm f i g u r e  23(a) fa r  a payload of 350,000 l b .  l3asclinea I and 111 are 
i d e n t i f i e d  i n  the f i g u r e  at a t akeof f  distance of 8000 ft. 
Range-Payload i r adeof f  
F igure  24 shows t h e  range-payload performance o f  the t h r e e  base l ine  
d e s i g n s  identified i n  t h l s  s t u d y ,  T h i s  f i g u r e  is f o r  c o n f i g u r a t i o n s  of con- 
s tant  g r o s s  weight as notcd with an 8000-ft takeoff d i s t a n c e  f u r  the range 
at iss ion.  The maximum r a n g e s  a t  a payload of  350,000 l b  a r e  shown t o  be 6500, 
64,0, and 3500 n.mi, fo r  b a s e l i n e s  I ,  11, and 111, r e s p e c t i v e l y .  A s  f u e l  is 
s u b s t i t u t e d  f o r  payload w h i l e  m a i n t a i n i n g  a c o n s t a n t  gross weigh t ,  t h e  range 
of t h e  v a r i o u s  c o n f i g u r a t i o n s  increases u n t i l  the payload is comple te ly  
rep laced  by f u e l .  A t  t h i s  p o i n t  ( ze ro  payload)  t h e  maximum ranges  p o s s i b l e  
Ear t h e  bas~lines I ,  11, and 111 d e s i g n s  a r e  10,740, 9930, and 8780 n.mi., 
r e s p e c t i v e l y .  The e n t i r e  payload con be  r e p l a c e d  by f u e l  f o r  a l l  t h r e e  con- 
E igura t jons  s i n c e  t h e r e  is  more than  a d e q u a t e  f u e l  volume a v a i l a b l e  i n  t h e  
wings (see appendix C), 
Economics 
Using t h e  computer programs described i n  appendix  A ,  t h e  development and 
p roduc t ion  c o s t s  of t h e  t h r e e  b a s e l i n e  d e s i g n s  hove been c a l c u l a t e d .  A s  
i n d i c a t e d  i n  appendix  A ,  o p e r a t i o n  cas t  is  n o t  i n c l u d e d  I n  this s t u d y ,  Program 
i n p u t s  and assumpt ions  f o r  t h e  c o s t  a n a l y s i s  of t h e  p r e s e n t  c o n f i g u r a t i o n s  
a rc  a s  f o l l o w s :  
-Hourly r a t e s  are bascd on approximate  1974 d o l l a r s  
Engineer ing $20.00 
Tool ing 17.00 
Manufactur ing 15.00 
-An engine  development i s  assumed ( s i z i n g  t h e  c o n f i g u r a t i o n  s o  that: 
an e x i s t i n g  e n g i n e  could  b e  used would o b v i o u s l y  be  a cost  
r e d u c t i o n  i t  em) 
-Pro to type  a i r c r a f t  a r e  n o t  cons ide red  and f i v e  f l i g h t - t e s t  a i r c r a l  
a r c  assumed 
-A fee  of 1 0  p e r c e n t  i s  used i n  t h e  c a l c u l a t i o n s  
Figure 25(a) shows t h e  t o t a l  development and p r o d u c t i o n  cosp as a func- 
t i o n  of t h e  number o i  a i r c r a f t  produced f o r  t h e  t h r e e  baseline c o r c e p t e .  The 
zumulat ive  average c o s t  p e r  a i r c r a f t  is i n d i c a t e d  p a r e n t h e t i c a l l y  i n  t h e  
f i g u r e .  The important  t h i n g  t o  n o t e  i s  t h e  r e l a t i v e  comparison between t h e  
c o s t s  of  the three concep t s .  There  is approximate ly  a 5 p e r c e n t  i n c r e a s e  i n  
c o s t  due t o  i n c r e a s i n g  t h e  d e s i g n  c r u i s e  Mach number from 0.75 f o r  b a s e l i n e  I 
t o  0.80 f o r  b a s e l i n e  11. Reducing t h e  range  requ i rements  from 6500 n.mi. f o r  
b a s e l i n e  I t o  3500 n.mi. f o r  b a s e l i n e  111 r e s u l t s  i n  approx imate ly  a n  
18-percent r e d u c t i o n  i n  t h e  t o t a l  development and p roduc t ion  c o s t s .  
A ba r  chart showing t h e  breakdown of  the  development a n d  p r o d u c t i o n  c o s t s  
£01 100 a i r c r a f t  i s  shown i n  f i g u r e  25(b). R e s u l t s  are  p r e s e n t e d  for t h e  
b a s e l i n e s  I and 11 concep t s .  A t o t a l  development and p r o d u c t i o n  cost  f o r  
100 a i r c r a f t  i s  seen t o  b e  abou t  $11.8 b i l l i o n  f o r  t h e  b a s e l i n e  T des ign ,  o r  
$118 m i l l i o n  p e r  a i r c r a f t .  From f i g u r e  25(b), i t  is a p p a r s n t  t ha t  t h e  a i r -  
frame is  the major c o s t  i t e m  f o r  bo th  development and p roduc t ion .  
CONCLUDING REMAIIKS 
A computer cresign s t u d y  o f  very la rge  ca rgo  a i r c r a f t  f o r  t l ~ e  f u t u r e  
Ilenvy a i r l i f t :  miss ion 11.1s been conducted by t h e  NASA Arncs Research C e n t e r ,  
us ing  tl~c A i r c r a f t  Synthc:;is program, ACSYNT. Tho s t u d y  was requested by tho 
Air Force unde r  an  ngrccmorit wllcrcby Amcs p r o v i d e s  computcr izcd d e s i g n  tiupport 
t o  the A i r  Force F l i g l ~ t  Dynamics L a b a r n ~ o r y .  The s t u d y  c o n c e n t r a t e d  on con- 
vent iona l  designs employing no ntlvancrd t c c t ~ n o l o g y  and w i t h  pay loads  fram 
250,000 t o  '350,OOB l h .  Rangc missions up to 6500 n.ini. and r a d i u s  miss ions  
up t o  3600 n . m i .  have bct.11 ~ o n s i d c r c d .  Takeoff and landing d i s t a n c r s  hctween 
7000 and 10,000 f t  .Ire important constraints on t h e  c o n f i g u r a t i o n  c o n c e p t s ,  
A s  p a r t  of t h e  s t u d y ,  t h c  ACSYNT program has been c o r r e l a t e d  wikh the C-5A 
a i rcraf t .  Same uf the mnrc liirpnrtant r e s u l t s  a r c :  
1. A b a s e l i n e  c o n f i g u r a t i o n  is establislled with n gross  weight  of 
nppruximntcly 2 m i l l i o n  pounds,  which can accomplish  e i t h e r  a 6500-n.mi. rnngc 
miss ion or o 3600-n,mi. r a d i u s  m i s s i o n  t ~ i t h  a 350,000-lb payload.  T h i s  con- 
f i g u r a t i o n  i ins been opt imized f o r  minimum g r o s s  wcigl~t with n takcolf and 
l and ing  d i s c n n c c  w i t h i n  8000 ft. The optimum cruise Mach number 5s 0 .75 ,  and 
the wing l o a d i n g  is 125 p s f  at; t n k c t ~ f f ,  Tt shou ld  h e  cmplmsizcd t h a t  t l l ie  
c o n f i g u r a t i o n  employs c o r ~ v e n t i o n a l  t echno logy  i n  a l l  d i s c i p l i n a r y  areas thus 
c o n t r i b u t i n g  t o  the l a r g c  g r o s s  w c i i : R t .  This c o n r i g u r a t i a n  w i l l  scrve as a 
baseline i n  l a t e r  work t o  a s s e s s  tlie a f f e c t s  of  improvements i n  technology,  
such  a s  s ~ i l r e r c r i t i c a l  a e r n d y n a n i c s ,  advanced c o n t r o l  systems, composi te  
materials, and advanced p r o p u l s i a n  sys tems.  
2. To increase the c r u i s e  Mach number from an optimum of 0 .75  t o  0.80 
would r equ i re  approximate ly  a 10-percent i n c r e a s e  i n  g r o s s  we igh t .  
3. The above b a s e l i n e  design has a maximum endurance of approxirnately 
20 h r  w i t h  a 350,000-lb payload. If a11 of t h i s  payload was c o n v e r t e d  t o  
a d d i t i o n a l  fuel  (which could  e a s i l y  be nccommudatcd i n  the wing along w i t h  
t h e  r e g u l a r  f u e l ) ,  either a maximum range o f  10,700 n.mi. o r  a maximum endur-  
ance o f  35 h r  is p o s s i b l e .  
4 .  Other than  range and payload, parameters having a major effect: on t h e  
vehicle d e s i g n  g r o s s  weight  are  aerodynamic e f f i c i e n c y  ( l i f t / d r a g  r a t i o ) ,  
fuse lage  s i z i n g ,  min imum drag ,  and wing and fuselage weight; of t h e s e ,  
aerodynamic e f f i c i ency  h a s  t h e  greatest e f f e c t ,  
5 .  The results show that  t h e  t o t a l  development and p r o d u c t i o n  c o s t  would 
bc approximate ly  $12 b i l l i o n  fa r  a f l e e t  of 100  of  these 3 i r : r a f t .  
6 .  On the  b a s i s  of  t h e  C-5A a i r c r a f t  correlation, i t  is i n d i c a t e d  that 
t h e  ACSYNT program shou ld  give good results for heavy a i r c r a f t  of the C-5A 
type- 
APPENDIX A 
T h i s  appendix  b r i e f l y  dascribcs t h e  A i r c r a f t  S y n t h e s i s  prajiram used i n  
tllc p r e s e n t  s t u d y  and rlie ~ n o d i f i c a t i o n s  111adc t o  the  weigh t -es t ima t ing  r o u t i n e  
a s  a consequence of t h e  s p e c l a 1  requ i rc rne~~t r ;  of' the  s t u d y .  Also, t h e  mctltods 
used t o  c a l c u l n t c  t h e  t a k c n f f  and l a n d i n g  distanccfi a r e  descr ibed ,  and t h e  
philosopliv behind t h c  8[l[le)-ft f i e l d  l e n g t h  rcqu i remrn t  i s  d i s c u s s o d ,  
S y n t h e s i s  Program 
A computerized A i r c r a f t  Synthesis program (ACSYNT) dcvcloped by t h e  NASA 
Ames Research Center  t o  p rov ide  r a p i d  concep tua l  des ign  i ~ ~ f o r m a r i a n  was used  
f n r  t h i s  s t u d y  ( r e f .  1). T h i s  modularized pragram c o n s i s t s  of  a con t ro l  
module and technology modules f o r  geometr ic ,  mass,  aerodynamic,  p r a p u l s i v c ,  
and cconumic in fo rmat ion .  In a d d i t i o n ,  r l~erc  a r c  modulcs t o  p rov ide  a u t o m a t i c  
des ign  convergence,  s e n s i t i v i t y ,  and  opt imfzat io tz  c a l i u l a t i o n ~ ,  as well  a s  
~raphirnl nutput F i g u r e  26 p r e s e n t s  a bluclc dlngram of rllc ACSYNT program. 
Input:; t o  t h e  v a r i o u s  r n ~ ~ d u l e s  i n c l u d e  c o n t r o l  pa ramete r s ,  i n i t i a l  v e h i c l e  
d e f i n i t i o n  pa ramete r s ,  miss ion  p r o f i i e ,  and s e v e r a l  i n i t i a l  assumpt ions  t o  
s t a r t :  the  program. Batput  inc ludes  v e h i c l e  c h n r a c t c r i s t i c s  r e q u i r e d  t a  accam- 
p l i s h  the s p e c i f i e d  m i s s i o n ,  such  as component weights and geometry,  f u c l  and 
t ime requ i rements  f o r  t h c  v a r i o u s  phases  o f  tlie m i s s i o n  p r o f i l e ,  aerodynamic 
and p r o p u l s i o n  c l l a r a c t e r i s t i c s ,  and vehic le  c o s t  i n f o r m a t i o n .  
ControZ program- The c o n t r o l  program sequences  t h e  o r d e r  i n  whicll  t h e  
modules a r c  executed and t r a n s f e r s  inIor tnat lon t o  a l l  t h e  o t h e r  modules. 
T h i s  module c o n t r o l s  t h e  l i m i t s  of t h e  v a r i o u s  program l o o p s ,  number of  p a s s e s  
t o  b e  made through t h e  program, and c r i t r r i a  f o r  convergence of  t h e  v e h i c l e .  
Convergence of t h e  v e h i c l e  i s  determined by a r e g u l a - f a l s i  p rocedure  ( re f .  2 ) .  
I f  t h e  v c h i c l e  is  e i t h e r  t o o  l i g l i t  o r  too  heavy compared t o  the  input: e s t i m a t e  
of t h e  v e h i c l e  g r o s s  w e i g h t ,  the e n t i r e  s y n t h e s i s  program i s  r e c y c l e d  u n t i l  
t h e  p r e d i c t e d  and c a l c u l a t e d  g r o s s  we igh t s  a g r e e  w i t h i n  a s p e c i f i e d  t o l e r a n c e .  
Gcornctry m o d u l e  Based on i n p u t  c o n f i g u r a t i o n  pa ramete r s ,  same of which 
a re  f i x e d  and o t h e r s  r e q u i r i n g  o n l y  a n  i n i t i a l  e s t i m a t e ,  t h i s  module def ines  
the v e h i c l e  s i z e  and shape  t o  be used i n  t h e  remaining p a r t s  of t h e  program. 
I n i t i a l  size e s t i m a t e s  of t h e  f u s e l a g e ,  eng ine ,  wing and t a i l  s u r f a c e s  
a r e  made. The c h a r a c t e r i s t i c s  of t h e s e  components are updated a t  each p a s s  
through t h e  program based upon in fo rmat ion  s u p p l i e d  by t h e  o t h e r  t e c l ~ n o l o g y  
modules o r  by t h e  c o n t r o l  program. The f u s e l a g e  is s i z e d  t o  c o n t a i n  t h e  ca rgo  
compartment, crew and r e l i e f  crew, and e l e c t r o n i c  equipment. The wing i s  s i z e d  
on t h e  b a s i s  of i n p u t  wing l o a d i n g  and shape  pa ramete r s ,  i n c l u d i n g  the  con- 
s t r a i n t  of having s u f f i c i e n t  volume f o r  t h e  e n t i r e  f u e l  supply .  Balance i s  
c a l c u l a t e d  on the b a s i s  of a s p e c i f i e d  s t a t i c  margin and t a i l  volume c o c f f i -  
c i e n t ,  o r  the s t a t i c  margin i s  determined f o r  a fixed r a t i o  o f  t a i l  area t o  
wing a r e a .  T h i s  module c a l c u l a t e s  t h e  f i n a l  geometr ic  v e h i c l e  p r o p 2 r t i e s  t h a t  
w i l l  s a t i s f y  t h e  miss ion .  
i ~ ~ ? ~ ~ ~ ~ , l ! ~ ~ ~ ~ r r n t ~ * ; ~  ta( tllr%,:-- 'rlltl ilc!rodyni.imic c1lar ; ic tcr i t ; t ics  f o r  a given  n1tlt:udc 
and Mach number a rc  r l e t c m i n s d  frclm thc? l;eamctr!.c c h : l r a c t c r i s t i c s ,  The trn- 
jcctcrrv module s p c c i f  ic:: 1 i f t ,  d r a ~ ,  o r  a n g l r  rrf at t a c k  ;it a Mnch number and 
illti tudc ,  and thra ;itrrodynamic.s modril dc!tr?rminct~ Lllc remnining v a r i a b l e s ,  
Cnlcul  i l t  i o n  p ro t l t~d t~r r~ : ;  t!mpluy 11t1tIl t t l eo re t  ical nittthods and empirical informa- 
t i n n .  R e s u l t s  have beon c;zl i.l)r;ltcd with e x i s t i n e  aircraft:  and w i t 1 1  wind 
t u n n e l  d a t a  f o r  ctrnf l e u r a t  i o n s  ;it botli 11igIi ;~nt l  low a n g l e s  of a t  tack. 
Fr i c t ion  d r a g  os t imat t l s  .Ire b:lscd on t h e  rntltlir)d of Bertram ( ref ,  ' 3 ) ,  w i t h  
an empirii-a1 r o r r c c c i u n  f o r  t~i ic-kner ;s - indt1~~1i  p ress t l r c  field:; maJc a c c o r d i n g  
t o  t h e  mt.tliod {)I Krjcllr (; , , I .  4 ) .  Il,wc rlr.1): is computed u s i n g  base  p r v s s u r c  
c r ~ c f i i r i e n t  as .I i u n c t i ~ ~ n  ~ r f  Mach tlumlror. I d i f  t. :~nd drag- r lu r - to - l i f t  a r c  
c .~ l cu la t cd  f o r  a n g l e s  i,f , ~ t  t ,~clc  from zc ro  t o  IIL~YOIIJ n~aximum l i f t  u s i n g  n 
n o n l i n e a r  ~ l i e c ~ r y  ru r r t an t ly  under dtavt~lopmrnt a t  Amt's .  ? h i s  method ( r e f ,  5 )  
is dcrivcd f-;:-rn .I combin;lt i o n  o f  pot en t i l l1  t h e o r y  a11d momentum i n t c g r a t  i o n s .  
I.'rr)p.~Z:: i,>r~ mod/{ lc:- l'lic p r o p u l s i o n  module i s  ;i one-dimensional c y c l e  
ilnirlys is program dr:vr?lrlpc.d ilt A ~ E M  ( r t?f  . 6 )  t h a t  c ; l l~ :~ l i l tC?s  tangi1le pe r f  ormnnca 
and o t h e r  pr t lpuls ion ~ h i i r ; ~ ~ t t ? r i ~ t i c ~  a t  any spec i f i ed  a l t i t u d e ,  Mnch number, 
a~ir l  powcr s e t t i n g .  Rcqnlrild Inputs i n c l u d e  eng ine  t y p e  ( t u r b o j e t ,  t u r b o f a n ,  
e t c ,  ) anti component c f f l c i c n c i e s ,  pressure r a t i o s ,  and t e m p e r a t u r e  l i m i t s ,  
The engine wc?i):ht and l e n g t h  arc! ca1cul:itrtd u s i n g  r c s u l t s  o l ~ t n i n e d  from the  
MARS system ( r e f .  7 ) ,  a11d t h e  i n p u t s  r e q u i r e d  i n c l u d e  t h r u s t ,  t u r b i n e  i n l e t  
tompernturc ,  bypass  r ; i t i a ,  compressor p r e s s u r e  r a t  l o ,  numhcr of compressor 
and t u r b i n e  stages, and y e a r  of f i r s t  i n s t a l l a t i o n .  V a r i a t i o n s  i n  powcr se t -  
t i n g s  available a r e :  maximum i i f t e r b u r n i n g ,  100 percent: rpm, maximum con t in -  
uous,  and p e r c e n t a g e s  of maximum cont inuous .  Thc t h r o t e l e  s e t t i n g  and spe- 
c i f i c  Eucl consumption a re  c a l c u l n t o d  from in fo rmat ion  s u p p l i e d  hy t h e  t r n j c c -  
t o r y  and aerodynamic modules. Thc h n s i c  cnginc thrust: and f u e l  consumption 
arc? c o r r e c t e d  f o r  the n p p r n p r i a t c  i n s t a l l a t i o n  l o s s e s  n s s n c i n t c d  w i t h  the  
i n l e t  and n o z z l e .  The progrrim lins t l ~ c  c a p ~ i b i l f t y  of correcting Ear a d d i t i v e  
d r a g ,  subsonlc  s p i l l i l g ~  r l r i~g ,  b l c c d  and byp'iss d r a g s ,  a u x i l i a r y  rilr systems 
d r n g ,  i n l e t  divcrter drng, and nozz l e  b o a t t i ~ i l  and i n t e r f e r e n c e  d r a g s .  For 
the present: s t u d y ,  tlic s t x n d a r d  hTA ram rccovcry  schcdulc less 3 p e r c e n t  i s  
emplnyrd, The bas i c  cng inc  chnrnctcristics i n  t h i s  s t u d y  are e s s e n t i a l l y  
state-of-the-art , and no perform;lncr? l m ~ ~ r o v e m c n t s  have been used c h a t  might be 
cons ide red  advanced p r o p u l s i o n  sys tem teclinology. 
Yra,j~r:tnrg modui.c:- This module. computes a v e h i c l e  t r a j e c t o r y  f a r  a 
s p e c i f i e d  m i s s i o n  from i r i format ion genera ted  In  Lhe ncrodynamic and p r o p u l s i o n  
madulcs. The t r a j e c t o r y  c o n s t s t s  of t akeo f f ,  c l imb ,  a c c e l e r a t i o n ,  c r u i s e ,  
d e s c e n t ,  l o i t e r ,  and l and ing  selyments. Equa t ions  of motion n e g l e c t  f l f g h t -  
pa th -ang le  r a t e  terms,  and i n t e g r a t i o n  i s  by approximate s tep-by-s tep  proce- 
d u r e s .  Climb opt ions  Include a n  npproximatc minimum f u e l  t r a j e c t o r y  o r  a 
c o n s t a n t  I n d i c a t e d  a i r  speed c l i m b .  Ei ther  n Breguct (mnxlmum range)  c r u i s e  
o r  a segmented, c o n s t a n t  a l t i t u d e  c r u i s e  i s  a v a i l a b l e .  T h i s  nodu le  c a l c u l a t e s  
t h e  fuel used f o r  each phase  of  t h e  s p e c i f i e d  miss ion  i n c l u d i n g  t h e  r e s e r v e  
f u e l  phase, thus esrablishlng the t o t a l  f u e l  r equ i rement .  A mere in-depth  
discussion of t h e  takeoff and l a n d i n g  phases  w i l l  be p r e s e n t e d  later i n  this 
appendix s i n c e  t h e s e  have i m p o r t a n t  i m p l i c a t i o n s  on t h e  d e s i g n  o f  t h e  p r e s e n t  
v e h i c l e  , 
Maon pmpcrtica moduL- Weights are  c a l c u l a t e d  i n  t h i s  module Erom empir- 
i c a l  e q u a t i o n s  based on c o r r e l a t i o n s  of e x i s t i n g  a i r c r a f t  d a t a .  The wing 
weight is a f u n c t i o n  of Load f a c t o r ,  a s p e c t  r a t i o ,  leading-edge sweep, taper  
r a t i o ,  th ickness- to-chord r a t i o ,  des ign  dynamic p r e s s u r e ,  and v e h i c l e  g r o s s  
weight,  Load f a c t o r ,  s u r f a c e  a r e a ,  maximum Mach number, and v e h i c l e  g r o s s  
weight a re  t h e  parameters  used i n  d e t e r m i n a t i o n  of t h e  f u s e l a g e  weigh t ,  
Weights of t h e  remaining i t ems ,  such a s  t a i l  s u r f a c e s ,  f i x e d  equipment,  and 
engine i n s t a l l a t i o n ,  a r e  determined by s i m i l a r  empirical .  methods. Th is  modrile 
has s e v e r a l  o p t i o n s  For c a l c u l a t i n g  wing and f u s e l a g e  weigh t s ,  and t h o s e  
employed i n  the p r e s e n t  s t u d y  a r e  d i s c u s s e d  under program m o d i f i c a t i o n s  i n  
t h i s  append ix .  
Ecrznumiclo mnduZt.- 'rhc development: and f l e e t  a c q u i s i t i o n  c o s t s  were d e t e r -  
mined u s i n g  a modified v e r s i o n  of t h e  c a s t - e s t i m a t i n g  r e l a t i o n s h i p s  developed 
by the Rand Corporat ion (ref. 81. The 1)cvclopment And Procurement: Cos t s  f a r  
A i r c r a f t  (DAQCA) computer pragram used was s u p p l i e d  by USAF-Aeronautical 
Systems D i v i s i o n  (ASD/ACCX). The ost imnting e q u a t i o n s  were d e r i v e d  by s t a t i s -  
t i c a l  m u l t i p l e  r e g r e s s i o n  techniques .  Several of the c o s t - e s t i m a t i n g  r e l a -  
t i o n s h i p s  (CER) i n  t h e  DAPCA program were modif ied (by ASD) from ones  based 
on t h e  r o t a 1  a i r c r a f t  spectrum t o  equa t ions  based o n l y  on heavy ca rgo ,  t a n k e r ,  
and s u b s o n i c  bomber a i r c r a f t ,  The r e s u l t s  from t h e  modified DAPCA program 
c o r r e l a t e d  w e l l  w i t h  t h e  C-5A and 747 a i r c r a f t  ( r e f .  9 ) .  I t  should be noted 
t h a t  t h e  DAPCA program does no t  compute o p e r a t i o n a l  c a s t s .  
Optimization- T h i s  module i s  coupled t o  t h e  s y n t h e s i s  program t o  prctvide 
an au tomat ic  closed-loop o p t i m i z a t i o n  of t h e  v c h i c l e .  The o p t i m i z a t i o n  
a l g o r i t h m  i s  based on Z o u t e n d i j k ' s  method of f e a s i b l e  d i r e c t i o n s  ( r e f .  1 0 ) .  
The  o p t i m i z a t i o n  procedure  and computer program a r e  d e s c r i b e d  i n  r e f e r e n c e s  11 
and 1 2 .  The b e s t  combination of u s e r - s p e c i f i e d  des ign  v a r i a b l e s  t o  minimize 
v c h i c l e  wcight  (or t o  minimize o r  maximize any o t h e r  parameter)  is determined 
s u b j e c t  t o  p resc r ibed  bounds on t h e  v e h i c l e  o r  m i s s i o n  paramete rs .  
ScnsitCvit3- T h i s  module determines  t h e  s e n s i t i v i t y  of g r o s s  weight :  a r  
a i r c r a f t  performance t o  changes i n  d e s i g n  o r  miss ion  parameters .  Using g r o s s  
weight as a n  example, t h e  term " s e n s i t i v i t y "  as used here i s  d e f i n e d  as t h e  
cllange i n  gross wefgh t /g ross  weight d i v i d e d  by t h e  change i n  parameterlnominal 
va lue  of parameter.  I n  o t h e r  words, t he  s e n s i t i v i t y  i s  t h e  r e l a t i v e  change i n  
g ross  we igh t  d ivided by t h e  r e l a t i v e  change i n  t h e  d e s i g n  parameter .  Two 
types  of s e n s i t i v i t y  a n a l y s i s  a r e  a v a i l a b l e  Erom t h e  ACSYNT program. The 
f i r s t ,  r e f e r r e d  t o  as "nonoptimum s e n s i t i v i t y , "  c o n s i d e r s  t h e  e f f e c t  on  v e h i c l e  
weight o r  performance o f  changing on ly  a s i n g l e  des ign  v a r i a b l e .  With t h i s  
type of s e n s i t i v i t y ,  t h e r e  is a p o s s i b i l i t y  of v i o l a t i n g  c o n s t r a i n t s  on t h e  
des ign  ff t h e  parameter is  v a r i e d  too  f a r  from i t s  nominal va lue .  For  example, 
i n c r e a s i n g  wing thickness-to-chord r a t i o  a l o n e  may reduce  the  v e h i c l e  pe r fo r -  
mance below some s p e c i f i e d  l e v e l .  An a l t e r n a t e  c a p a b i l i t y  of ACSYNT i s  t h e  
use of "optimum s e n s i t i v i t y "  a n a l y s i s .  I n  t h i s  c a s e ,  when a  s i n g l e  desfgn 
parameter  is changed, a l l  t h e  s e l e c t e d  v e h i c l e  des ign  paramete rs  a r e  r e o p t i -  
mized w i t h  r e s p e c t  t o  e a rh  o t h e r  t o  mafn ta in  minimum g r o s s  weight  (assuming 
t h e  o b . j e c t i v e  is minimum weight)  whi le  s a t i s f y i n g  a l l  t h e  d e s i g n  c o n s t r a i n t s .  
For tlle prC:ibnt s t u d y ,  m o d i f i r ~ l t i u n s  wcru mnJr to  thc ACSYNT weights 
Iirngrnm i n  twn primary area:;, wine dntl fusclilgcl s t r u c t u r a l  weight cstitna t l n g  
methods. The  intc~lc  W ~ R  t o  prnvidc procedures  more a p p r o p r i a t e  f o r  use on 
l;lrt;c! ccrgo t y p ~  of :lircr,lf t . A f ~ c r  c n n s u l t a t i o n  betwccn A i r  Force and NASA 
d c s i g n ,  wcigl l t s ,  and s t r u c t u r : l l  c~nginclers, t h e  methods i n d i c a t e d  h e r s  wcrc 
incorporated i n t o  tlie ACSYNT progr;lm. Thcso equa t ions  wcrc provided by the 
A i r  Force h u t  are  s t i l l  considcrct l  p r t lp r icea ry .  Thcrc forc ,  tllc a c t u a l  equo- 
t i n n s  cannat  h e  gLven, h u t  ;i b r l o i  d p s c r i p t i o n  and sample c o r r e l i i t i o n  w i l l  hca 
presented. 
The wing weight is ;i f u n c t i o n  of the  fo l lowing  paranlc ters ,  which arc  
ra iscd  t o  v a r i o u s  power:; and m u l t i p l i e d  by v.lriaus c o n s t a n t s :  des ign  g r o s s  
w e i g l l ~ ,  u l t i m a t e  load f a c t o r ,  aspert ratLo, q u a r t e r  chord sweep, spnn,  
r c f  ~ r e n c c  nrcn, t a p c r  r a t i o ,  r o o t  cl~c)rcI, t i p  clinrd, maximum t l l icknass  a t  r o o t  
and t i p ,  and maximum cquivalcr l t  a i r s p e e d .  F i g u r e  27  p r e s e n t s  the r e s u l t s  o f  
t h c  present c q u a t i n n  corrclatc!d w i t h  seven ca rgo  trnnspory a i r c r a f t ,  T h c  c a l -  
c u l a t e d  wing weigh t s  a r e  cnmp,lred t o  the actual wing weights f o r  these n i r -  
rr;llt, and t h e  agreement 5:; ~::cr!l lent .  Thc iip,urr! ;il.ro i n d i c n t r s  t h e  wing 
weight  c a l ~ u l a t ~ d  fo r  n typ ic i l l  des ign  nE a l a r g e  cargo a i r c r a f t  i n  t h e  p r e s e n t  
s t u d y ,  
An cqu;~t;inn to calculate t h e  Zusrlagc weight  of cargo-type a i r c r a r t  w i t h  
heavy [ l o o r i n g  and w i t h  v a r i o u s  londlng-door arrangements  had t o  b e  incorpa- 
rntrcd Lnto ACSYNT. T h c  pa ramete rs  i n   he e q u a t i o n  p rov ided  by t h e  A i r  Force  
are: des ign  g r o s s  weight, u l t i m a t e  load factor, f u s e l a g e  wet ted  a r e a ,  and 
m;lximum Mac11 number. Thcse pa ramete rs  arc r a i s e d  t u  v a r i o u s  powers and 
m u l t i p l i e d  by v a r i o u s  c o n s t a n t s .  I n  a d d i t i o n ,  t h e r e  are  f a c t o r s  included i n  
t h c  equation t o  account Tor t h e  rol lowing r e a t u r e s :  f r o n t  door l o a d i n g ,  r e a r  
door  load ing ,  main cargo f l o o r  system, tipper E l a o r ,  and misce l l aneous  d o o r s ,  
panels ,  and f a i r i n g s .  T h e  fuscl; lge we igh t s  c n l c u l a t c d  by t h e  p r c s e n t  e q u a t i o n  
compared t o  t h e  actual  Fuselage weights o f  t h e  C - 1 4 1  and C-5A a i r c r a f t  a r e  
shown i n  Pigure  2 6 .  Again, t h e  c a l c u l a t e d  f u s e l a g e  wefgbt of a t y p i c a l  d e s i g n  
i n  t h e  p r e s e n t  s t u d y  is i n d i c a t e d  i n  t he  f i g u r e .  
Takeoff and Landing Cons idera t ions  
Cencrt~Z- Tllc heavy a i r l i f t :  miss ion  suggests c h a t  t h e s e  a i r p l a n e s  shou ld  
have bas ing  c h a r a c t e r i s t i c s  s i m i l a r  t o  t11c C-5A. S p e c i f i c a l l y ,  t h i s  i m p l i e s  
a 5000-Et l a n d i n g  d i s t a n c e  a t  the des ign  payload and c o m p a t i b i l i t y  with runway 
s u r f a c e s  t h a t  handle a i r c r a f t  i n  the 747 and C-5A class .  R e a l i z i n g  tlwse 
requiremenks t o  be  p o t e n t i a l l y  q u i t e  s t r i n g e n t ,  t h e  b a s e l i n e  des ign  f i e l d  
l e n g t h s  have been re laxed  l ~ g  t h e  A i r  Force t o  8000 Et ( a l l  eng ine  o p e r a t i o n  
aver a 50- f t  o b s t a c l e ) .  For background, t h e  fol lowing t a b l e  provided by tbe 
A i r  Force slzows the number o f  a i r f i e l d s  having h a r d  s u r f a c e  runways e q u a l  to 
o r  g r e a t e r  than t h e  8000-Ft b a s e l i n e  l e n g t h .  The advantage ( i n  terms of number 
of a i r f i e l d s  t h a t  can bc used)  of p rov id ing  t a k e o f f  and l and ing  d i s t a n c e s  as  
s h o r t  as  p r a c t i c a l  i s  obvious from the t a b l e .  The e f fec t s  on gross weight  
of t akeof f  and l a n d i n g  f i e l d  length requirements  a re  i n v e s t i g a t e d  i n  t h e  
s t u d y .  
a~R~D'IJCTZ:.TTil'SIT OF TIIE: 
QBIGLK& PAGE 13 POOR 
- 
Number of A i r f i e l d s  
CQNUS 
.- 
184 399 5 6 1  
8,000 170 296 262 
3,000 115 190 123  
10,000 36 90 126 48 
- 
Far tho prcscnl; s t u d y ,  t h o  t akeof f  and l and ing  c a l c u l a t i o n s  a r e  uccom- 
pl i shcd  at: Full gross  weight using t h e  r u l e s  spec i f i ed  in Figure  3 ,  TIE Eol- 
lowing sec t ions  g ive  a b r f e f  d e s c r i p t i o n  of t h e  c a l c u l a t i o n  methods employed,  
T~t . kea f f -  The takeof f  c o n s i d e r s  a l l  eng ines  o p e r a t i n g  over  a SO-ft 
o b s t a c l e ,  and t h e  d i s t a n c e  i s  cnlccllared u s l n g  a p rocedure  s i m i l a r  t o  t h a t  ,-f 
reference 13.  The t o t a l  d i s t a n c e  c o n s i s t s  of n ground r o l l  and an a i r  d i s t a n c e  
t o  t h e  50-fr o b s t a c l e ,  
The ground d i s t a n c e  i s  
(Wp) 2.849 (vLOp) 
- 
'CR ~ G [ ( T - I J W )  - (CD- ! J C ~ ) ~ S ~ ~ , ~ ~ ~ ~  
LOF 
where t h e  f o l l o w i n g  are assumed, 
(C, - uC ) = 0.09 L 
and the values i n  parenthesis in the denominator a r e  t aken  a t  0 , 7 0 7  o f  V 
The a i r  d i s t a n c e  i s :  LOF ' 
where T/W and L/D a r e  a t  l i f t - o f f  v e l o c i t y ,  Lift-off ve loc i ty  i n  k n o t s  i s :  
Thr t a k e o f f  and l andfng  l i f t  c h a r a c t e r i s t i c s  used i n  t h e  p r e s e n t  s t u d y  are 
shown i n  f i g u r e  29 f o r  a F lap  system similar t o  that:  of t h e  C-5A. The l i f t - o f f  
l i f t  c n c f f i c i c n t  (CI, ) i~ governed by t h o  c a p a b i l i t y  of the a i r c r a f t  t o  LOP - 
r e t a t p ,  Many l a r g e  d C ? ~ i g n ~  a rc  nor able t o  rotate o r  can r o t a t e  o n l y  rhrougll 
;i s m a l l  nng lc ,  and t h c r e f o r c  s p v c r a l  CI,LOF v a l u e s  a r c  considered i n  t h i s  
s t u d y .  For tile bnsc l i t l c  dss ig t l ,  t h e  c a n f i g u r n t i n n  is  capnbla  af n 7 "  r o t a t i o n  
n l  With about  2.5' of  wine i n c i d e n c e ,  t i l e  maximum nchicvnble CL dur i t le  
g r o u t ~ d  r o l l  would bc approximate ly  1 . 7 1  f o r  a  25' f l ap  s e r t i n ~  ( f i g .  2 9 ) .  
Sinri! t h i s  is n geometry-l imited c o n d i t i o n ,  on ly  a n  8-percent  margin is plrlccd 
on the l i f t - o f f  ve loc i ty  (similar t o  cammcrcinl FAR ru le r ; ) .  The b a s e l i n e  
'ho o t h e r  QLOP vn lucs  havc been assumed, 0 .95 f a r  no r o t a t i o n ,  and 2,06 f o r  f u l l  r o t a t i o n .  
Using the  above t h r e e  l if t :  cocff i c i c n t s ,  as well. as s e v e r a l  W/S v a l u e s  
f rom 120 t n  160 p s f ,  imrl several T/W v a l u e s  from 0 , 2  t o  0.3,  a s e r i e s  o f  
t a k e o f f  d i s t a n c e s  werc c a l c u l a t e d  u s i n g  the method d e s c r i b e d  above, Par t h c s a  
c a l c u l n t i o n u ,  t h e  thrust:  lapse r a t e  f o r  the  s t u d y  eng ine  shown i n  I i g u r e  30 
was used, These  t akeof f  results werc then g e n e r a l i z e d  i n  t h e  form of  r e f e r -  
e n c e  1 4  and p r e s e n t e d  i n  f i g u r e  31 (symbols) f o r  s c a - l e v e l  a l t i t u d e ,  Since 
t h e  s c a t t e r  o f  the  d e t a i l e d  c a l c u l n t i o n s  was s m a l l ,  t h e  g e n e r a l i z e d  c u r v e  
shown was used t l ~ r o u g h o u t  t h e  s t u d y .  Figure 32(a) shows a carpet p l o t  of  t h e  
above r e s u l t s ,  and f i g u r e  32(b) p r e s e n t s  t h e  r e q u i r e d  T/W f o r  the b a s e l i n e  
C ~ ~ o ~  and 8000-f t  t akeof f  d i s t a n c e .  
Ln~tding- The l and ing  f i e l d  l e n g t h  was c a l c u l a t e d  i n  two segments ,  a i r  
d i s t a n c e  over a 50-f t  o b s t a c l e  and ground r o l l ,  u s i n g  a method s i m i l a r  t o  t h a t  
of r e f e r e n c e s  1 4  and 15, The total l a n d i n g  d i s t a n c e  is :  
The air distance is: 
where 
approach v e l o c i t y ,  V APP = 'STALL 
touchdown v e l o c i t y ,  - 
'TD - 'el5 'STALL 
and 
whcre l i lnding weight, W I,ANn, llns been as~umcd ns t a k e o f f  K ~ O R R  t teiglt t  f o r  t11i8 
utudy . 
Thi! gruund roll is:  
(VTDI7 
C %R -2(a1 
where a i s  the nvcrnge d c c e l c r a t i a n  during ground r o l l ,  fps2,  
Using tlia ahovc p rocedure ,  two a i r  rlir;tiincvs were c a l c u l a t e d  w i t 1 1  approach 
l i f t  c o e f f i c i e n t s  (CL ) sug::rstrd hy the Air Force (see f i g ,  29 f o r  l a n d i n c  APP 
l i f e  c l ~ a r a c t e r i s t i c s ) .  The f i rs t  n i r  d i s t a n c e  c n l c u l a t i o n  u s u m c d  a f l a r c  
c a p a b i l i t y  p r i o r  t o  tnuchdrrwn with a CI = 1. F16, The second assumed no 4 P P  
f l a r c  c a p a b i l i t y  and a CLA = 1 .25 .  Rorh methods y i e l d  n touchdown rate> of PP 
s i n k  W E  G t o  7 f p s  and a  g l i d e  scupc from 1' t o  2'. 
Twa ground r o l l  distnncra were also c n l c u l n t c d ,  one with a l l  eng ine  t h r u s t  
reversing and one w i t h  no t h r u s t  r c v e r s i n  , Braking d e c e l e r a t i o n  f o r  both  
cases wna 6 fps2 w i t h  a n  a d d i t i o n a l  1 fps5 for aerodynamic and ram drag .  Tar  
full t h r u s t  r e v e r s i n g ,  a n  additional 2 fps2 was included, The sequencing of 
l and ing  d e c e l e r a t i n g  d e v i c e s  t o  p raduce  t b c s c  numbers i s  ns f a l l o w s :  
I t e m  Time ( s e c )  from touchdown 1 
Move t h r o t t l e s  
S p o i l e r  a p p l i c a t i o n  
Brake a p p l i c a t i o n  
Rcverser d o o r s  s t a r t  t o  open 
S p o i l e r s  deployed 
Reversers  f u l l y  deployed 
F u l l  b rake  p r e s s u r e  
binximum r e v e r s e  t h r u s t  ach ieved  
The f o u r  c o n d i t i o n s  f o r  c a l c u l a t i o n  of l a n d i n g  field l e n g t h  descr ibed 
above,  t h a t  i s ,  two 
'LAPP v a l u e s  ( w i t h  and without r o t a t i o n ) ,  each w i t h  and 
w3.hout thrus t :  r e v e r s i n g ,  a r e  presented i n  f i g u r e  3 3 .  Landing f i e l d  l c n g t l ~  
is shown f o r  v a r i o u s  wing l o a d i n g s ,  and t h e  design f i e l d  l e n g t h  o f  8000 E t  is 
i n d i c a t c d .  The landing c o n d i t i o n s  assumed f o r  t h e  s t u d y  b a s e l i n e  v e h i c l e  are  
no rntation and f u l l  thrust reversing (average d e c e l e r a t i o n  c f  9 fps2).  
r:(lliIiIII,ATION OF A(:SYNtI WIT11 THE (1-5A AIRCRAFT 
T h i s  aplicandix .qnn~m;lrizct; t l ~ ~  riasults c ~ f  the C-512 rorrrjl,~ t ion : ~ r t i v i t  i w ,  
'I'hr. corrc1: i t ion  w d s  pt~formiad  i n  order t o  assc5,q tlic sccurncv of tht.  ACSYNT 
pror:rilm f t ~ r  p r e d i c t  ion o f  ~(1ll:hr s and i:comtatrics of vclry 1ari:c t n i l i t n r y  c;lrgo 
r h prilarlntntion rlf ill1 tllc c l ~ t ~ ~ i l s  0 L  t h e  ~ * o ~ ~ c ~ l i ~ t i o n  s hcyond 
,qci:pt1 o f  ~ 1 1 ~  p r c s e ~ l t  r c a ~ ~ o r t ,  l ~ t l t  :I 1) r i i~ l '  summiirg of the' Inore lmportnnt  
ria.qults w i l l  h e  ~;IVL'I~  llrrr*. 
Thc~ c o r r e l a t i o n  is iiccomplisl~cd i n  twu p a r t s  u s i n g  thi? a c t u i ~ l  chnrac- 
t c r i s t i c s  of t h e  C-5A i i i r t r r a f t  nH t h e  b a s i s  f o r  cnmparisun.  The l i r ~ t  p a r t  
cxaminos the accuracy c ~ f  t h e  i n d i v i d u a l  d i s c i p l . i n c e  (aerodynamics,  p r o p u l s i o n ,  
c c c . )  l n r l c ~ ~ ~ w d c n t  u f  c:icll o th t l r .  Ta do th i s ,  tllc various modulcs arc  r u n  i n  
;I s tand-a lonc~  manner, and t l lc  r i!sulta arta c:smpilrcd t o  the s ~ p r o p r i i ~ t c  ch;lrnr:- 
Lvrf n t l c s  r)S t!r" ac ttri~l ( : -S t2  ; i i r c rn f r .  The second p a r t  n f  thr! c o r r c l n t f n n  
cx:-rnlnr?s t l i ~ !  ;Ici:ur;IC y o f  t h e  ov~!raI.I d e s i g n ,  wtliclr  consist^ CIE an inccgrat  i o n  
c>f ill1 t h e  disi!iplinc,q, I n  t h i s  c:nHc, t l l c ?  I '  . .YNT program I s  r u n  i n  i t s  
e n t i r e t y  u s ing  t h e  C-5A mir<sion,  nncl t h c  r c ~ u l t i n g  geometry and w c i g l ~ t s  
( f l i c l ,  s t r n c t u s i 3 ,  i ? t c . )  a r c  cornpilrcd t o  t l lc  ncttlnl C-5A v n l u c s .  
Ipigurc 311 ~l lows  t h e  (:-5A generill ar rangement .  T l ~ i s  a i r c r a f t  can peritlrm 
n numl~cr of miss ions  of v a r y i n g  pnylnnll and range. F i g u r c s  35 and 36 p r r s c n t  
tho (:-',A h n s i r  range and r a d i u s  m l s s i o n ,  r e s p c c t i v c l y ,  r.lllich llnvc been used 
I n  t h i s  c o r r e l a t i o n  n c t l v i r y .  With n payload of  265,000 1 b  and a  gross 
wcig11C of 706,913 l b ,  tlira 1:-5A can ; ~ c c o m p l l ~ I ~  e i t h e r  n 1700-n.mi. range mis- 
s i o n  n r  il 1000-n.mi, r ;~ci ius  m i s s i o n ,  These mififiinn r u l e s  ( f i g s .  35 and 3 6 )  
w l l l  hc used i n  t h e  o v e r a l l  i n t c g r a t r d  d c s i ~ n  part  of  t h e  c o r r e l a t i o n ,  
1ndivi.du;ll D i s c i p l i n e s  
I n  t h i s  s e c t i o n ,  s e l e c t e d  r e s u l t s  arc presen ted  from t h e  ind iv idua l  
d l s c i [ l l i n c  c o r r c l n t i o n s  u s i n g  the geometry, aerodynamics,  p r o p u l s i o n ,  and 
wcights  modulcs,  
i;comctrvj ?~1od7:~~- -  TIle purpose  of t h e  c o r r e l a t i o n  i n  t h i s  d i s c i p l i n e  i s  t o  
determine how a c c u r a t e l y  t h e  geometry modulc s i n u l n t e s  t h e  wcttet l  sirens of 
Lhu ac tual  C-5A.  Using t h e  genmetry program i n  a s t and-a lone  f a s h i o n ,  over;!l1 
dimcnsionnl da ta  of' t h e  a c t u a l  C-5A is i n p u t  t o  t h e  module. Thesis i n p u t s  
i n r l u d e  span, sweep, t a p e r  r a t i o  and th ickness - to -c l~ord  r a t i o  of  tho  l i f t i n g  
and s t a b i l i z i n g  s u r f a c e s ,  f u s e l a g e  l eng th  and maximum dinmctc r ,  and barc 
m g i n c  l e n g t l ~  and maximum d i n n c t e r .  The geometry modulc then  gcncr i l t c s  n 
conlTi,quratFnn based on t h a s e  i n p u t s  and c n l c u l a t e s  t h e  a p p r w p r i a t c  we t t ed  
arcns. Figurr .  37 shows n computer grapliic d i s p l a y  of chc ;lCSYNT simulation 
of the  C-5A. A summary nE t h e  w e t t e d  areas  computed by t h e  geamctry module 
compared to t h e  a c t u a l  C-5A values is  p r e s e n t e d  bclnw: 
Ilrrr~r i, totl12 wetted a r r n  is  approxlmntcly  S p c r c c n t ,  Frum t h i s  tabl r*  
it: can bc seen tll;it thrrc.  a r e  d i s c r e p a n c i e s  for c c r t , i i n  components. blast: 
ncr tah l~a  on a prarrontngc b;~r;i..; is t h e  naccllra wc*Ltcd ;Ircij. Thc ACSYNT program 
,is pr t l scn t lv  strucLurcd clotas no t  d o  a dcc;i i lod l a y o u t  or tlrc n i ~ c ~ c l l c s ,  and  
t l i c *  maximun~ di;tmvtcr rcsultlng from lligll f > y p i i ~ s  t u r l x ~ i ' i ~ n s  i s  used f u r  t h e  
en t i re  pod lcngt l l  (scc f i g .  '37). lIowcvt~r, ns tlrc t a b l e  shows, tllc t o t a l  
i i irt1rC~f L w r > t t ~ ' d  d r e a  c!c~l rulatLbd lltc ACSYNT program is w i t h i n  appr t~xi lnaccly  
h percent o f  tlic ; ictunl  valuc, and thr> cs t i l i la rc  is on tire consc rv i l t ivc~  s i d c .  




Ar~r l i l i i ! j t~~ trn i c~  t)to(hai't:- To  c a r r c l a t e  t he  acrndvnamic module on n s ts tnd-nlnnc 
b.l:iis, I:-5A gcomctr ic  data a imi l i l r  t n  that f u r  t h c  gcomc~try madulc a r c  used 
as i n p u t s ,  The rc~ulting l i f t ,  nilttimum d r a g ,  and drag d u e - t o - l i f t  arc. then 
compared t a  t h c  t ~ c t u a l  C-5A v s l u c s .  
1:ij:tlro % ( a )  is n p l o t  o f  minin~~lm d r a g  rnrfficicnt c n l c u l n t c d  l ~ y  tllc 
progr;im cnmpiired t o  tllc n c r u a l  C-5A va lue  at 30,000-ft  al~itude. An c r r n r  
: inc i lys is  f u r  tninimunl drag is sllown i n  f i g u r ~  j d ( b ) .  In the Mach nuntbcr rcgfon 
of i n t c r e e t  f u r  tllc C-5A (bclow nhrlur 0.85), t h o  c a l c u l a t e d  minimum drag i s  
w i t h i n  nbr~tit 5 1)crccrlt u.C t h e  a c t u a l  v a l u e .  
+ *-- ---+ , . . -. -*I .---.-. 
15,35[1 16 ,646  
Trimmed and untr imnl~d l i f t  c h a r a c L e r i s t  l c s  p r c d i r t c d  by t h e  ncrodvnamic 
modulc a r e  prc+icntcd i n  figure 39 f o r  s c v c r a l  Mach ntlml>ers. A l i m i t e d  numbel 
o f  C-5A expr3rirnentnl d a t a  p o i n t s  a r c  shown, i n d i c n t  i n g  gnrld agreement w i t h  t h e  
ACSYNT p r ed i c t ed  r e s u l t s .  The r c s u l t s  of cnrrclnting t h e  induced d rag  arc 
presen ted  i n  f i g u r e  40 f a r  s e v e r a l  Mach numbers, Trimmed nl~d untrinuned 
induccd d r a g  c o c f f i c i c n t s  a r c  shown. For l i f t  c u c f f i c i c n t s  of i n t e r e s t :  t o  tllc 
C-5A ( c r u i s e  CI, :J 11.3 t o  0 .4 )  and Tor Much numbers below t h e  drag  r i s c ,  tho 
ngrccnient between t h e  ACSYNT c n l c u l n r i o n s  and t h e  exper imenta l  d a t a  Is 
a c c e p t a b l e .  
1% ,486 
2,186 1 1 1  t i  1 1 , 9 9 4  
Pr)op?cZoinn rnucluZc- T h i s  s e c t i o n  g i v e s  n comparison of t h e  eng ine  chartic- 
t u r i s t i c s  a s  p red ic ted  by t h e  ACSYNT p r o p u l s i o n  module t o  thnsc of  a c c u n l  
engines .  A s  p r e v i o u s l y  i n d i c a t e d ,  t h e  p r o p u l s i o n  module nE t h e  ACSYNT program 
is n one-dimensional  cyc le  analys is  r o u t i n e  tha t  calculates t h r u s t  and s p e c a f i r  
f u e l  ~ o n s u ~ . r p t i o n  (sfc). The engine geometry and weight arc c a l c u l a t e d  using 
empirical re1 a t  i o n s l ~ i p s .  
10,358 
9 3 9 
1,844 I V c a r t l c a l t a i l  1 1 , 2 4 2  / 1,759 1 
Ibr t lw p r ~ t i e n f :  ~ ( ~ r r ~ l ~ l t i v n ,  t lt? ~nnximum p r e d i c t e d  soil-lrv~'1 s t a t i c  
t l l r u s t  jwitlt i : ~  n ; i ~ c h ~ ' d  to t h e  i l c tun l  i?nf:inc data fa r  t h a t  po in t .  The program 
then ~ ; l l c ~ l i l t ; i * : i  tl c t l l r u ~ t  and :;prt:ific f l r t l l  cr,nsumption a t  a11 u t l ~ c r  n l t i -  
tudc:;, El;~cl~ number:;, and power H C ~  t l+~jis. Fii:tiri? 141 presents c o r r e l a t e d  
r l t  o r  1 A I I ' 1 1 1  PrrvIic!tions of the  t1lrur;t: and i n s t a l l e d  
sf(: ilrc ct~mpilrcd t o  thtl ~ i c e t ~ i i l  v a l u e s  f o r  s c v o r a l  Mach numhcr and n l  t i t u d c  
c r>mlr i r~ ;~ t : ion~ ,  A t;imil;lr comparison i!; prescntcd i n  f i g u r e  42 f a r  the JT9D-25 
i1ng:inc wliicll is 1l.qcc1 i1s tht '  1 ) i i s i ~  ~ ) r t ~ p u l s i o n  c v c l e  f o r  t he  present: l a rge  cargo 
r u Frlr b o t h  e n ~ i n c s ,  tha rr!:;ult~ corr1,latc w c l l  with ;I fcw 
*-?x(*cpt; ions a t  ttii' rIccp-t l~rt~t:  t l cd c t ) n d i t i o n s .  I n  r c g i a n s  wllc?rc tile rlircriif t 
r ~ o . t l r l  ii\i>st: 1 f 1 v I v  r>pr?ratt3, t i l i b  A(!Sk'N'r-pri,tlic:tcd ~ i c  v n l u c s  f o r  ;I given t h r u s t  
arth w i t l i i r i  ill)<>ul: h pcrrclnt: o f  t l ~ c .  iic!tual engirlcl villucs. 
' ~ ' I I L ?  hilrc? tnl:inr! r:c.omr! t r v  and wu i~ : l~ t :  arc cst.imatcd i n  ACSYNT using 
t~nipi r ic i i l  cc!*hniqucs l)ascd url ;i ~lumbcr uf c x i s t l n f :  cnginrls. 3'11c r e s u l t s  
prr>dictcJ for tllc two iangines t ~ s c d  i n  this c n r r r l a t i o n  are sumn~nrized hdnw 
iind coe~p;irtd t o  tllc i~ctt l ; l l  vi i luc~s.  For the TF39-1, t h e  p r o p u l s i o n  module docs 
P e r c e n t  
1';lrili~I~ t c r  
a r r t l r  I 
Lengell 1 6 . 9  f t  13.0 Et: 
Weight 1 7222 l b  8219 lb -13.8 
n o t  proper ly  modc.1 tiic eng ine  l e n g t h  ntid weigllt , u n d e r p r e d i c t i n g  t h e  l e n g t h  by 
over 20 percent and averpredict ing the  weight  hy 1 4  percent .  The results arc 
much b c t t c r  f o r  the  .JT9I)-25 engine, whicll i s  thc c y c l e  used i n  the  present  
s t u d y .  Improvec~ metlluds for estimating geometry and weight For a wide v a r i e t y  
of engines arc  p r e s e n t l y  heing dcvelopcd and incorporated i n t o  t h e  ACSYNT 
prrgrnm, 
il7,~ss p r ~ o p c ~ ~ t ? ~ , ~  rnndulc- T h i s  sec t  ion  conipares t h e  a i r c r a f t  component: 
w c i g h t s  predicted by the ACSYNT vreights module t o  t h e  ac tua l  a i r c r a f t  va lues .  
To run the  weigll ts  r au t in ;?  i n  a s t and-a lone  f a s h i o n ,  a i r c ra f t  geornotric data  
similar t o  that: p rev ious ly  dcscxibed is  input: t o  the program. Also,  payload, 
bare engine ' ~ ~ e i p l l t ,  and Fuel  weight arc  r e q u i r e d  i n p u t s  when u s i n g  thc weights 
module i n  a s t and-a lone  mode. 
Two t y p e s  of rerults a r e  presented here. The f i r s t  c o n s i s t s  of a weight 
statement ccmparing pred ic ted  and ectlual component wcighLs f o r  the C-5A a i r -  
c r a f t .  These r e su l t s  are shown i n  t a b l e  5. Again, it shou ld  be emphasized 
t h a t  t hc  payload, bare eng ine  weight, and f u e l  weight: arc  t i lase  of tllc actual  
C-5A, lilso, i t  shou ld  he noted that: t he  r c s u l t s  here art! f o r  a d i f f e r e n t  C-SA 
mission than that: which is used f o r  t h e  o v e r a l l  design correlation. The f i r s t  
error column ( t a b l e  5) compares t h e  components themselves ,  and t h e  second e r r o r  
e r r o r  (lc~lumn shows t h e  e r r o r  as n p e r c e n t a g e  of t h e  a c t u a l  g r o s s  weight  of the 
C-5A. From t h e  t a b l c  it i s  obvious t h a t  i n  certain a r e a s ,  p a r t i c u l a r l y  fixcd 
equipment, the error between soma components themselves  is l a r g e ,  h u t  is n a t  
3s s i g n i f i c a n t  on tllc b a s i s  a f  g ross  we igh t .  I n  any event ,  fixed equipment 
is an a r e a  where impruvcmcntu arc  be ing  made t o  t h e  ACSYNT program. For t h e  
major components o f  s t r u c t u r e s  and p r o p u l s i o n ,  t he  computed and a c t u a l  r e s u l t s  
a r e  seen t o  be w i c l ~ i n  10 percent: ( t a b l e  5 ) .  
A second type of weights cor ro l i z t ion  c o n s i s t s  of  comparing t h e  ACSYNT- 
coniput r?d v e r s u s  a c t u a l  w e i g h t s  O F  t h e  i n d i v i d u a l  a i r c r a f t :  components (wing, 
f u s e l a g e ,  cmpennagt., fixcd equipment, e t c . )  For seven l a rge  t r a n s p o r t  a i r -  
c r a f t .  The a i r c r a f t  used in t h i s  co r re la t !on  were t h e  990, DC-8,  DC-10, 
L-1011, 747 ,  C-141,  and C-5h. Computed v c r s u s  a c t u a l  we igh t s  were prepared 
f o r  each a i r c r a f t  component, and bo th  a mean of the e r r o r s  and a s t a n d a r d  
d e v i a t i o n  were c a l c u l a t e d ,  but  these r e s u l t s  will not: be shown here because  
t h r y  arc p r o p r i e t a r y .  However, with the e x c e p t i o n  of s e v e r a l  minor components, 
the  mean o f  t h e  e r r o r s  was w i t h i n  10 p e r c e n t  of t h e  actual component we igh t ,  
c o n s i d e r i n g  a l l  a i r c r a f t .  Also,  it i s  impor tan t  t o  n o t e  t h a t  i n  a l l  cascs t h e  
C-5A component-weight e s t i m a t e s  were w i t h i n  10 p e r c e n t  of t h e  actual w i t h  
cxccpt ion of  t h e  f l x e d  equipment b-hich was underpred ic ted  by about  1 5  p e r c e n t .  
A s  a r e s u l t  of t h e s e  c o r r e l a t i o n s ,  we igh t ing  f a c t o r s  have been e s t a b l i s h e d  
t o  modify a number o f  t h e  companent-weight r e l a t i o n s h i p s  used i n  t h e  ACSYNT 
program ta  account f a r  special f e a t u r e s  of large cargo a i r c r a f t .  These Eac- 
t o r s  were a r r i v e d  at fo l lowing  c o n s u l t a t i o n  between NASA and A i r  Force  design 
e n g i n e e r s .  The f a c t o r s  w i l l  be used in t h e  f o l l o w i n g  o v e r a l l  i n t e g r a t e d  
d e s i g n  p o r t i o n  of t h e  C-5A c o r r e l a t i o n  and w i l l  a l s o  be used  i n  t h e  p r e s e n t  
l a r g e  carga a i r c r a f t  s y n t h e s i s  s t u d i e s .  The m u l t i p l y i n g  f a c t o r s  a r e  shown i n  
t h e  f o l l o w i n g  t a b l e .  The normal l a n d i n g  g e a r  weight r e l a t i o n s h i p  i n  ACSYNT 
r I v 
Camp onen t Weighting f a c t o r s  f o r  large ca rgo  a i r c r a f t  
Landing gear 
P r o p u l s i o n  
E l e c t r i c a l  
Avionics  
~ e - i c e / a i r  c o n d i t i o n i n g  
F l i g h t  c o n t r o l s  
is f o r  conven t iona l  t r a n s p o r t  a i r c r a f t ,  and a s  such, i t  u n d e r p r e d i c t s  t h e  
weight fox l a r g e  ca rgo  a i r c r a f t  a s  s e e n  i n  t a b l e  5 f o r  the C-5A. Thus, t h e  
above m u l t i p l y i n g  f a c t o r  i s  a p p l i e d  t o  account  f o r  t h e s e  s p e c i a l  types  of  
l a n d i n g  g e a r .  S ince  many of  t h e  items i n  t h e  fixed-equipment area a r e  m i s s i o n  
dependent ,  t h i s  i s  u s u a l l y  a d i f f i c u l t  area i n  which t o  p rov ide  general weight  
e q u a t i o n s  t h a t  are a c c u r a t e .  F o r t u n a t e l y ,  the fixed-equipment we igh t s  u s u a l l y  
iicrtlunt for i-rnlv ,1 :~rn.lll part of t h e  gross vaigllt;. In any svenL, t o  improve 
t he  present es t im. i tus ,  t hc  nl~rrvc m r l l t  i p l  ying factor..; ware e u r n b l i s h e d  on Chc 
basis o f  t h e  C-5A stilnd-;llonr wcifihrs c~~~rrc~lnl; ic)n ( t a b l e  5) and w i l l  be used 
i n  the rcmalr~der u f  t h e  s;tudy. I t  was a l so  f udged t h a t  t h e  ACSYNT cng lne  
we igh t  es t  i n u t  ing mr?thr)d 1:ives ~ v i ~ h t t ;   hat are higli when compnrcd t o  s i m i l a r  
p r o p u l s i a n  sys tems.  Thercf o r e ,  the  nbuve m u l t i p l y i n g  f a c t o r  was app l  i c d  t o  
t h e  t o t a l  p r o p u l s i o n  sys tem i ~ c a i f : \ l t  i n  the  r ~ r n a i n d e r  o f  the  s t u d y .  
T h i s  staction cxi~mitles ~ I I P  ilc3curncy wit11 which t h e  ACSYNT program can 
p r e d i c r  the r e s u l t s  of tile r ~ v c r a l l  I~~ccgra t t a J  d e s i g n  of  t h e  C-5A. To do t h i s ,  
t he  cn t  i r e  ACSYN'I' program WCI:; omp loycd,  combining a l l  t h e  d i s c i p l i n e s .  The 
C-5A mission r u l e s  p r e v i o u s l y  dcscribcd ( f i g s ,  35 ;md 36)  w i t h  a payload of 
265,000 l b  wcrc used. Two cxarnplcs of t h e  results from tlie o v e r a l l  d e s i g n  
c o r r e l i l r i n n  aril p rcb ! ;<>r r t  tmd here.  
I n  t t w  f i r s t  c n s c ,  the I:-5A o v e r a l l  e x t e r n a l  d lmensians  and t h e  p r o p u l s i o n  
system :size and weii:hL ( f ixed  t o  r e p r e s e n t  t h e  TF39 eng ine )  were s i m u l a t e d  as 
c lose ly  a:; p o s s i b l c  w l t h  Llrc A':SYNT program. Then t he  g r o s s  we igh t s  t o  accom- 
p l i s h  t h e  bas ic  range and r a d i u s  missions were  determined.  T h i s  e s s e n t i a l l y  
invcllvcs n c o r r r l a t i o n  oC t h e  f u e l ,  s t r u c t u r e ,  ar.4 f i xed  equ ipn~en t  reqi r i rcd  
£or  t h e  m i s s i o n ,  s i n c e  t h e  payload and p r o p u l s i o n  system w e i g h t s  are  f ixed ,  
Thc r e s u l t s  n f  t h i s  correlation d r c  shown in f i g u r e  43. The w i g h t s  calcu- 
la ted  by t h e  ACSYNT program are e s s e n t i a l l y  i d e n t i c a l  far the razge and r a d i u s  
miss ions  3s shown. Th i s  i s  as  i t  sllould be s i n c e  t h e  C-5A can accomplish  
e i t h e r  of these  miss ions  at: t he  same gross we igh t  of 706,913 l b .  As f igure 43 
shows, thc  g r o s s  weights  computed by t h e  ACSYNT p-ogrnm f o r  t h e  s i m u l a t e d  
C-5A arc  approximatply 0 . 3  p e r c e n t  over tha t  of  tile n c t u a l  C-5A. There are  
compcns;iting e r r o r s  i n  f u e l  and s t r u c t u r e  w e i g h t  as noted. Table 6 gives a 
breakdown of  thta cnmputed wctights f o r  the s i m u l a t e d  C-5A f o r  bo th  b a s i c  mie- 
s i o n s ,  along w i t h  n c t u a l  C-5A values.  Since t h e  computed weights f o r  b o t h  
miss ions  are e s s e n t i a l l y  the  same, only  rile range miss ion  w i l l .  be cons ide red  
i n  the  ncxk c.mparison, 
The second example of  t h e  C-5A o v e r a l l  d e s i g n  c o r r e l a t i o n  i s  referred t o  
he r?  a s  a n  optimized . ~ i r c r a f t .  In t h i s  case, t h e  ACSYNT program de te rminps  
thc ininimum g r o s s  wcight con;+gurnt ion t o  accompl ish  the basic  range m i s s i o n  
( f i g .  35) with n paylnncl of 265,000 I b  w h i l e  s a t i s f y i n g  the takeoff  and land- 
i n g  f i e l d  l e n g t h  c o n s t r a i n t s  of 5000 it o r  less. To do tlils, the progi-am 
employs a n  op t imiza t ion  procedure ( p r r v i o u s l y  d e s c r i b e d )  t o  f i n d  the optin~um 
combination of  W / S ,  T/W and wing At, A ,  A ,  and t / c  Ear minimum g r o s s  weight. 
I t  should bc noted t h a t  i n  t h i s  case t h e  program i s  free t o  r e s i z e  t l ~ c  propul-  
s i o n  system, whereas b e f o r e ,  the engine  was f i xed  t o  r e p r e s e n t  t h e  TP39. Also,  
the fuselage s i z e  i s  c o n s t r a i n e d  t o  assure t h a t  i t  can accommodate t h e  r e q u i r e d  
payload volume. The r e s u l t s  of r l t i s  o v e r a l l  des ign  c o r r e l a t i o n  a r e  prcsentcd 
i n  f i g u r e  44 f o r  t h e  basic range miss ion ,  and a breakdown of  t h e  camputed 
weights is  g i v e n  i n  table 6 .  The computed g ros s  wcight is  s e e n  t o  be essen-  
t i n l l v  t h a t  of the nc tua l  C-SA, implying no improvement through o p t i m i z a t i o n .  
Th i s  is not t o t a l l y  t ruc ,  however, s i n c e  t h e r e  is approx imate ly  a 1.2-percent 
r e d u c t i o n  i n  f u e l  compared t o  t h e  a c t u a l  C-5A and about  n 4-percent r e d u c t i o n  
compared t o  t h e  ACSYNT-simulated C-5A ( f i g .  43) .  The o f f s e t t i n g  f e a t u r e  i s  
:he weight of tho r e s i z c d  p r o p u l s i o n  syst-em which is approximate ly  6 p e r c e n t  
grctdter than t h e  ac tua l  C-SA ( t a b l e  6) .  ( T h i s  i t em i s  n o t  shorn i n  t h e  b a r  
c h a r t  uE f i g .  4 4 ,  however,) The primary reason  f o r  t h i s  g r e a t e r  w e i g h t  i s  
t h a t  t h e  ACSYNT a i r c r a f t  op t imized  a t  a s l i g h t l y  h i g h e r  value of  T/W t h a n  t h e  
a c t u a l  C-5A (0.242 compared t o  0.230). Th i s  r e s u l t e d  i n  somewhat larger and 
t h e r e f o r e  h e a v i e r  eng ines ,  t h e r e b y  accoun t ing  f o r  t h e  d i f f e r e n c e  i n  p r o p u l s i o n  
system w e i g h t ,  Table 7 i s  a summary of some of  the wing and t a i l  geometric 
f e a t u r e s  of t h e  ACSYNT-optimized a i r c r a f t  compared t o  t h o s e  of t h e  a c t u a l  C-5A, 
i n d i c a t i n g  v e r y  smal l  d i f f e r e n c e s  between t h e  two s e t s  of v o l u c s .  
Summary 
I t  is d i f f i c u l t  t o  e s t a b l i s h  a n  absolute number f o r  t h e  expected accuracy 
o f  t h e  o v e r a l l  ACSYNT p r e d i c t i a n s  because of t h e  many d i f f e r e n t  d i s c i p l i n e s ,  
p o s s i b l e  m i s s i o n s ,  and t y p e s  of c ~ n f i g u r a t i o n s  t h a t  may be  cons ide red .  
Obviously,  u b e t t e r  assessment  of t h i s  c r e d i b i l i t y  cou ld  be o b t a i n e d  by 
performing c o r r e l a t i o n s  on a  l a r g e  number o f  d i f f e r e n t  a i r c r a f t ;  t h i s  i s  a 
very time-consuming task, however. To d a t e ,  t h e  only a i r c r a f t  t h a t  has been 
c o r r e l a t e d  which  would be r e p r e s e n t a t i v e  of  very l a r g e  c a r g o / t r a n s p o r t - t y p e  
a i r c r a f t  is t h e  C-5A. A b r i e f  summary of t h i s  a c t i v i t y  h a s  been p r e s e n t e d .  
On t h e  b a s i s  o f  c h i s  l i m i t e d  c o r r e l a t i o n  and cons ider ing  t h e  r e s u l t s  i n  t h e i r  
e n t i r e t y ,  i t  is suggested that t h e  ACSYNT program shou ld  be  capab le  of g i v l n g  
g r o s s  we igh t  and geolnetric r e s u l t s  that: a r e  w i t h i n  10 p e r c e n t  of  a c t u a l  v a l u e s  
f o r  a i r c r a f t  similar t o  the  C-5A. This  i s  cons ide red  s u f f i c i e n t l y  a c c u r a t e  
f o r  camputer ized d e s i g n  a t  t h e  e a r l y  s t a g e s  oE v e h i c l e  d e f i n i t i o n .  
DESIGN ASSESSMENT 
During the course o f  computer ized : ~ i r c r n f t  des ign  s t u d i e s ,  t h e r e  arc 
occasions when checks arc made t o  s u b s t n n t i n t t ~  o r  assess c e r t a i n  d e s i g n  r e s u l t s .  
Most o f t e n  t hese  cl~ccks o c c u r  i n t e r n a l l y  i n  t h e  c a n ~ p u t c r  program i t se l f ,  but  
a t  times they  a r e  made bv tho d e s i g n  c n g i n c r r  fo l lowing  t h e  s y n t h e s i s  of a 
v r ~ I ~ i c l c ,  T l i l ~  sec t ion  f: iv~?s cvrrnl cxclmples of t h o s e  t y p e s  o f  v t ~ r l f i c i i t i o n s .  
Wing Weigl.lr 
Where i t  i s  necessa ry  t o  cxtrnpolate hcyand t h c  c h a r a c t e r i s t i c s  of 
e x i s t i n g  a i r c r a f t ,  c a u t i o n  should be cxerciscld to assure t h a t  the  r e s u l t s  are 
rcasonub lc .  An cxa~nplc of t h i s  occurs  i n  the  p r e s e n t  s t u d y  where t h e  g r o s s  
weiglrts of t h e  study c o n f i g u r a t i o n s  a r c  two t o  t h r c e  t imes  t h a t  o f  any 
e x i s t i n g  aircraft. Here i t  is  important  t o  s u h s t a n t i a t e  t he  structural weigh t s  
t i l a t  arc given  by t h e  camputcr izcd t lcsign process. Wing we igh t  i s  used as t h e  
example i n  t h i s  case. 
F i g u r e  45 (a )  shows wing u n i t  weight as  a f u n c t i o n  of a i r c r a f t  g r a s s  
weight  l o r  c o n f i g u r a t i o n s  w i t h  wing-mounted eng ines ,  wing a s p e c t  r a t i o s  from 
about  6 t o  9 ,  and f o r  aluminum s t r u c t u r e .  As an approximat ion,  t h e  des igner  
can ext rapola te  t o  heavier c o n f i g u r a t i o n s  by f a i r i n g  a wide curve t h r o u g l ~  
t h e  e x i s t i n g  a i r c r a f t  p o i n t s  (symbols) a s  shown, The wing unlt w e i g h t s  f o r  
t h e  th ree  b a s e l i n e  desfgns  of  t h o  p r e s e n t  s t u d y  f a l l  w i t h i n  the bounds of t h i s  
expected t r e n d ,  The values f o r  t h e  base l ines  a r e  between 1 6  t o  18 p s f .  
F i g u r e  45(b) a g a i n  shows wing u n i t  we igh t ,  b u t  t h i s  time as a  f u n c t i o n  of wing 
l o a d i n g ,  A s  before ,  the  t h r e e  base l ine  v a l u e s  f a l l  w i t h i n  t h e  bounds of  the  
extrnpala~cd curve .  F i n a l l y ,  F igure  4 5 ( c )  shows wing weight  f r a c t i o n  as  a  
f u n c t i o n  of g r o s s  weight.  The base l ine  v a l u e s  fo l low the expected t r e n d ,  and 
t h e  b a s e l i n c  wing weights  v a r y  f ron  about  1 3  t o  s l i g h t l y  o v e r  1 4  p e r c e n t  of 
t h e  a i r c r a f t  g r o s s  weight .  In  summary t h e n ,  t h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  
s t u d y  wing w e i g h t s  are r e p r e s e n t a t i v e  of  what might r e a s o n a b l y  be  expected f o r  
rhcsc l a r g e  c a r g o  a i r c r a f t  u s i n g  e x i s t i n g  s t r u c t u r a l  technology.  
Engine Thrust-to-Weight R a t i o  
A s  i n d i c a t e d  i n  a n o t h e r  s e c t i o n  of t h i s  r e p o r t ,  t h 2  eng ine  t h r u s t  and 
w e i g h t  c h a r a c t e r i s t i c s  a re  g e n e r a t e d  by o p r o p u l s i o n  c y c l e  program and an 
engfne  empirical weight e s t i m a t i o n  method, r e s p e c t i v e l y .  To assurc t h a t  t h e  
engines r e su l t ing  from the design s t u d i e s  are r e a s o n a b l e ,  a check o f  t h e  
cng ine  thrus t - to-weight  r a t i o s  are made. For  t h e  base l ine  c o n f i g u r a t i o n s ,  
t h e  s tudy  engines  had thrus t - to-weight  r a t i o s  rangfng from 5 .71  t o  5.85.  
These compare t o  a range o f  v a l u e s  from 5.67 t o  6.04 f o r  e x i s t i n g  engines of 
the TF39, JTgD, and CF6 c l a s s .  The study e n g i n e s  are t h e r e f o r e  w i t h i n  t h e  
p r e s e n t  day technology l e v e l  as far  as thrus t - to-weight  c h a r a c t e r i s t i c s  a r e  
concerned.  Thus, i t  is q u i t e  r e a s o n a b l e  cn expec t  t h a t  eng ines  o f  t h i s  o r  
more advanced technology can be provided f o r  these l a r g e  ca rgo  a i r c r a f t .  
Wing F u e l  Volume 
Onc of  the  design g u i d e l i n e s  f o r  t h i s  s t u d y  is t h a t  all of chc  J P  f u e l  be 
l o c a t e d  i n  the  wings of t h e  c o n f i g u r a t i o n s .  l h i s ,  01 c o u r s e ,  is a lmost  a 
n c c e s s i t y  f a r  cargo a i r c r a f t  of t h i s  t y p e ,  To assure t h a t  t h i s  is  t h e  case 
f a r  t h e  s t u d y  c o n f i g u r a t i o n s ,  t h e  f u e l  volume avai lable  i n  t h e  wings is c h c c ~ e d  
a g a i n s t  t h e  f u e l  volume r e q u i r e d ,  
A method similar t o  tha t  d e s c r i b e d  i n  r e f e r e n c e  15  i s  uued t o  c a l c u l a t e  
the volume nvailablc i n  t he  wing f o r  fuel s t o r a g e ,  The r e s u l t s  from t h i s  
method hnvc been cornpored w i t h  more d e t a i l e d  p rocedures  from t h e  Air Force ,  
and they  c o r r e l a t e  q u i t e  wel l .  I n p u t s  f o r  t h e  c o r r e l a t i o n  a r e  wing a r e a ,  
thicknebs-to-chord r a t i o ,  a s p e c t  r a t i o ,  t a p e r  r a t i o ,  g r o s s  w e i g l ~ t ,  s k i n  
thickness, s p a r  l o c a t i o n ,  and percent of  span used. I n  t h i s  c a l c u l a t i o n  
p rocedure ,  rue1  con e i t h e r  be  l o c a t e d  i n  t h e  wing carry- through s t r u c t u r e  o r  
n o t .  
The wing fuel volumc was c a l c u l a t e d  f o r  t h e  three b a s e l i n e  d e s i g n s .  Fue l  
was Inc luded  i n  t h e  wing ca r ry - th rough  s t r u c t u r e ,  and between t h e  f r o n t  and 
r e a r  spars  which were assumed t o  be a t  15  and 70 p e r c e n t  of t h e  chord ,  
r e s p e c t i v e l y ,  and i n s i d e  80 pcrccmc of the span. The c a l c u l a t e d  r e s u l t s  a r e  
t a b u l a t e d  below, a n d  t h e  t o t a l  f u e l  r e q u i r e d  ( i n c l u d i n g  r e s e r v e s )  f o r  t h e  
b a s e l i n e  miss ion  (payload = 350,000 l b )  for each c o n f i g u r a t i o n  i s  a l s o  shown. 
I Uase l ine  I 
T o t a l  f u e l  voiume a v a i l a b l e ,  l b  
Thus,  t h e r e  i s  more than adequa te  f u e l  volume a v a i l a b l e  f o r  t h e  t h r e e  des igns .  
I t  a,:pears fronr t h e s e  r e s u l t s  t h a t  wing volumc a v a i l a b l e  f o r  f u e l  i s  no t  n  
problem f o r  these v e r y  large a i r c r a f t .  Tn Fact, f o r  t h e  above e h r e e  conf ig-  
u r a t i o n s ,  t h e  e n t i r e  payload could be  conver ted  t o  f u e l  and  s t o r e d  i n  t h e  
wings a l o n g  with t h e  e x i s t i n g  f u e l  ( g r o s s  weight h e l d  c o n s t a n t ) ,  and t h e r e  
would s t i l l  be excess  f u e l  volume a v a i l a b l e .  
Fuel r e q u i r e d  f o r  b a s e l i n e  
m i s s i o n s ,  l b  









COllPUti'ER GRAPHICS DISPLAY 
Because of the l a rge  amount: of output available from the ACSYNT program, 
a computer graphics system i s  the most convenient menns oZ displaying the 
r c s u l t s ,  Not only can t h e  results n f  a vehic le  s y n t h e s i s  be d i s p l a y e d ,  but 
input data  can be checked by thc design engineer prior to attempting a run of 
ACSYNT. References 1 and 16 d i s c u s s  c:untputcr graphic. systems and t h e  merits 
of t h e i r  use in t h e  aircrart d e s i g n  p r a c c s s .  
Scllcctcd output from the conlputer graphics system for t he  baseline I 
configuration i s  shown in f i g u r e  4 6 ,  Included are views of the configuration 
;IS "scent' by ACSYNT, aerodynamic characteristics, propulsion system perfor- 
mance, and component weight: information, These represent only a small portinn 
of the rcsults from ACSYNT that can be disp layed ,  
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TABLE 1.- BASELINE I CHAMCTERFSTICS 
M.A.C.,  ft: 
General 
W = 1 ,972 ,540  l b  
F, 
W/S = 125 1b/ft2 
T/W = 0.238 
N z ~ ~ ~ ~  = 2 * 50 
NzULT = 3.75 
Engine 
No. = 8 
Type = Turbofan 
Z = 15.6 ft: 
d = 8 . 3  E t  
TSLS = 58,561 l b  
sfc = 0.60 Ib/ lb-hr  
cr 
(T/WIENG = 5 -85  
BPR = 5.10 
PPR = 1.6 
TIT = 2835 O R  















Hor iz .  tail Vert. tail 
TABLE 1.- Centlnued 
Puficlagr 
2 = 326 ft: 
d = 31.4  f t  
= 27,9563 f t 2  
Performance 
-.-- 
" p i ) ~ ~  = 350,000 l b  
M c r ~ l ~ ~ s  = 0.75 
TOFL = 8000 f t  
hiax. radius = 3600 n.mi. 
Eii s s i o n  s u m m a r l  
- 
- 
Warm up, taxi, 
takeoff 




Cl imb and 





Total 7 5 8 , 7 2 3  
Radius  
T i m e ,  h. ~ u e l ,  lh ~ i m c ,  11r Distance,  
n.mi. n .mi. 
-- - - -- - - 
- - 65,195 0.5 - - 
-- 1 ,400  - - -- 
P -- - 
3600 7 5 8 , 7 2 3  1 5 . 6 4  65QO 
( r a d i u s )  
TABLE 1,- Concluded 
Wcigl~ts Summary for Bnscline I 
Cornpollen t 
Airframe st ructure  
Wing 
Fuselage 






P u e l  system 
Fixed equipment 




Dc-icc/air cond.  
Aux. power sys. 
Furnish and e q p t .  
Flight controls 
Pounds 
F u e l  758,723 
P a y l o a d  
Crew ( 5 )  
Cargo 
Percen t  WE 
. . 
C a l c u l a t e d  g r o s s  weight 1,972,540 
Erleina 
No, = 8 
Type  = Turbofan 
2 = 16 ,5  f t  
d = 8.9 Ct: 
FPR = 1.6 
TTT = 28.35 O R  
M . A . C . ,  f t  








Horiz .  t a i l  
2708 
TAULE 2 ,  - Conr inuud 
Cnryp- bay 
- 
2 = 227 f t  
w = 29.7 it: 
h = 1 4 . 2  f t  
Performance 
IdpDES = 350,000 l b  
Mc~-IIES = 0.80 
TOFL = 8000 f t 
Max. radius = 3600 n.mi. 
Max. range = 6450 n.mi. 
M = 0.84 
max 
%NDUR = 20.4 h r  
llnc = 33,078  EL 
b i i s s inn  summary 
Radius 
---- 












Tota l  
D i s  tnnce, P u c l ,  1.b Timc,  h r  





- - .  
Ilistanrc, T i m e ,  h r  n . rn i .  
TABLE 2,- Concluded 
We i gh  t s- Summary-,&r, I ~ ~ s c ?  1,i-n?- 
Componcnc 
Airframe s t r u c t u r e  
If l ng 
Fuselngc 
I I t~ r i zunrn l  t i l i l  
Vt?rt ic i l l  tn f  1 
Nncclles 
A l i ~ l ~ c i n g  g c x  
Propu l s ion  
Engines (8) 
Puc l  system 
Pixed equipmcn t 
Hyd. and pncu. 
E:lcctricaL 
Avinnics 
Ins t ruments  
~ c - i c c / a i r  cand. 
liux. power sys. 
Furn i sh .  and e q p t  . 
Plight c o n L r o ~ a  
Fuel 
Payload 




CnlculaCed g;oss w e i g h t  2,198,673 
Percent: Wg 




Puselngc lcngtl ,  
Wing loading 
T l ~ r u s t / w c i g h t  r a t i o  
Wing aspect r a t i o  
Wing swccp ( c / 4 )  
Ping taper r a t i o  
Wing rhickncss/cl~ord r a t i o  
E f f i c i e n c y  Indicate-r& 
- 
LiEt/drag ratio 




Propuls ion weight 
Landing gear weight  
Mission parameters 
Mission r a d i u s  
Payload 
Takeoff d i s t a n c e  
Fue l  reserve (% initial) 
L o i t e r  time 
TABLE 4 .- BASE1,'INE 111 CHARACTERISTICS 
General 
-- 
IJ = 1,317,077 l h  
6 
w/S = 125  l b / f t 7  
T/w = 0 .238  
N z ~ , ~ ~  = 2,50 
NzULT = 3 . 7 5  
Enpi.2 
Nn. = 8 
Type = Turbofan 
d = 6.8 f t  
TSI,S = 39,103 l b  
+ = 0.60 Ib/lb-hr 
: r 
<:I.;) = 5.85 ENG 
br;i? = 5.10 
FPR = 1.6 
T I T  = 2835 O R  
CPR = 22.9 
Gcorne try 
S ,  f t Z  
Sw> f t2 
b,  ft: 
M.A.C., f t  
Wing 
10,576 














TABLE 4.- Continued 
d = 3 1 . 4  ft: 
Cargo bay 
2 = 227 ft 
Performance 
'PDES = 350,000 l b  
M , r ~ l ~ ~  = 0.75 
TOFL = 8000 f t  
Max, range = 3500 n,mi, 




Distance, F u e l ,  I b  Time,  h r  
n.rni. 
Warm up,  t a x i ,  
t alceo f f 
Climb and 




Trapped f u e l  
To ta l  
TABLE 4.- Concludcd 
Wcigllts Sunlmary far Baseline IT1 
Cempotien~ Pounds 
Airframe structure 515,201 
Wing 172,075 
Fuselage 233,148 
llorizontnl tail 13,454 
Vertical tail 7,461 
Nacelles 23,709 
Alighting gear 65,355 
Propulsion 
Engines (8) 
F u e l  system 
Fixed equipment 
1Iyd. and pneu. 
Electrical 
Avionics 
Ins t r u t n e n t s  
De-ice/air cond. 
Aux. power sys. 




Crew (5) 850 
Cargo 350,000 
C a l c u l a t e d  gross weight 1 ,317 ,077  
TABLE 5.- STAND-ALONE Wl?IGIlTS CORRELATION OF C-5A 
Computed, Actual  C-5A,  2 Error X Error  o f  
l b  2 WC: l b  nctu.91 WE Component 
Airframe s t r u c t u r e  267,415 
Wing 87,471 
Puselage 121,455 
H o r i z o n t a l  t a i l  6,918 
V e r t i c a l  t a i l  6,018 
Nacelles 13,104 
A l i g h t i n g  gear 32,450 
Propu ls ion  37,725 
Engines ( 4 )  34,800 
Fuel sys tem 2,924 
Fixed equipment 
Hyd. and pneu. 




Aux, power sys. 
Furnish and eqpe. 
F l i g h t  con t ro l s  
Input: Znp u I: 
Payload 83,261 
F l i g h t  crew (6)  1 ,020  
Baggage 120 
Cargo 82,121 
I n p u t  
Inpu t  
I n p u t  
I n p u t  
Input: 
Input: 
Inpu t  
Input: 
Gross Weight 733,745 
TABLE 6,- OVEMLT, DESIGN CORRELATION OF C-5A 
AGSYNT-optimized 
ACSYNT-simulated C-5A aircraft: 
Component B a s i c  miss ion  B a s i c  miss ion  
Radius,  Range, Range, C- 5A 
l b  l b  lb 1 b 
Airframe s t r u c t u r e  
Wing 
Fuselage  
Mor i zon ta l  tail 
Vert ica l  tail 
Nacelles 
Alighting gear 
Propu l s ion  
Engines ( 4 )  
Fuel system 
Fixed equipment 




De-ice/air cond.  
Aux. power s y s .  
Furn i sh .  and r q p c .  
F l i g h t  c o n t r o l s  
Fuel 
Pay load  
C r e w  (5) 
Cargo 
Gross we igh t  
*input t o  t h e  ACSYNT program. 
TA3LE 7.- OPTIMIZED GEOMETRY CORRELATIONS 
1 
* Optimized for b a s i c  C-5A range mission as computed by ACSYNT. 
Optimized aircraft" 
Geometry 
Wing H. tai l  V. t a i l  
-- 
Plan area, ft2 6,219.9 995.2 995.2 
Actua l  C-5A 
Icing H. rail V. tail 
6,200.0 965.8 961.1 
Wetted area, ft2 12,520.2 2,001.3 1,247.7 110,358.2 1,843.6 1,759.3  
kpa;l, ft 225.0 68.7 35.1 222.7 67.6 34.5 
L. E. sweep, deg 27.7 28.9 36.6 1 27.4 28.9 36.6 
c / 4  sweep, deg 24.9 24.5 3 4 . 9  25-13 24.5 34 .9  
T. E. sweep, deg 15.6 9 . 4  29.4 
Aspect  ratio 8.1 4.7 1.2 
Root chord ,  f t  41.5 21 - 2 31.5 
Root thickness, in. 61.5 26.7 49.1 
Root t/c -123 ,105 -130 
c- Tip chord, ft 
W 
13.8 7 - 8  25.2 
T i p  thickness, in. 17.3 9.9 39.3 
T i p  t/c -104 -105 .I30 
Taper r a t i o  . 33  .37 .80 
Mean aero. chord, ft 30.0 15.5 28 .4  
17.3 9.4 29.4 
8.0 4.7 1.2 
45.5 20.8 30.9 
71.0 26 -2  48.3 
.I30 -105 .13 
15.3 7.7 24.7 
20.2 9.7 38.5 
-110 .lo5 -13 
.34 37 .80 
30.9 15.3 28.0 
ALTITUDE 
RANGE = 6,100 N,M, 
-4 
@ GROUND OPERATION AND TAKE-OFF FUEL ALLONAAWCE 5 M I # ,  AT IlORljAL POWER AT SEA 
LEVEL; NO RANGE CREDIT, 
@ CLIMB AT COiSTANT INDICATD AIRSPEED ON COURSE AT NORMAL THRUST TO ALTITUDE 
FOR BEST LONG RAI4GE CRUISE AT A F I X B  CRUISE MACH NUMBER"; RANGE C R D I T ,  
@ACCELERATE FROM CLIMB SPEED TO FIXED CRUISE MACH IUMBER", AT COlSTAlT ALTITUDE, 
AND THEN CRUISE AT ALTITUDE FOR MAX, LONG RANGE CRUISE (BREGUET CRUISE) FOR A 
TOTAL DISTAIKE OF 6,100 N,M, FROM TAKE-OFF F21YT, 
@DESCEND FROM CRUISE ALTITUDE TO SEA LEVEL: NO FUEL COST: NO RANGE CREDIT, 
@ FUEL ALLOWANCE FOR RESERVES AND LAND ItIG I S  THE SUM OF 5% OF INIT IAL FUEL AND 
30 M I N  LOITER AT VELOCITY FOR MAXIMUM ENDURA?{CE AT SEA LEVEL, 
"CRUISE MACH NUMBER I S  A VARIABLE I N  TRE STUDY 
Figure 1.- Basic range mission. 
1-RADIUS = 3,600 N.M. 
_I 
0 GROUND O P E R A T I O N  AND T A K E - O F F  FUEL ALLOWANCE 10 MIN.* NORMAL POYEQ AT SEA L E V E L ;  NO 
RANGE C R E D I T .  
C L I M B  A T  CONSTANT I N D I C A T E D  AIRSPEED ON COURSE A T  WDRMAL THRUST TO A L T I T U D E  FOR BEST 
LONG R A N G E  CRUISE A T  A F I X E D  C R U I S E  MACH NUbIBER*; RANGE C R E D I T .  
A C C E L E R A T E  FROM C L I M B  S P E E D  TO F I X E D  C R U I S E  MACH NUMBER*' A T  C O N S T A N T  A L T I T U D E  AND THEN 
C R U I S E  AT A L T I T U D E  F O R  M A X I M U M  LONG RANGE C R U I S E  ( B R E G U E T  C R U I S E )  F O R  A T O T A L  D I S T A N C E  
OF 3,600  N.M. F R O M  T A K E - O F F  P O I N T .  
0 DESCEND FROM C R U I S E  A L T I T U D E  TO S E A  L E V E L ;  NO FUEL COST; NO RANGE C R E D I T .  
6 L A N D I N G  AND UNLOAD PAYLOAD; NO R A N G E  CREDIT. 
@ TAKE-OFF; N O  RANGE C R E D I T .  
0 C L I M B  AS  I N  @ O N  RETURN LEG. 
ACCELERATE A N D  CRUISE AS I N  @ ON RETURN LEG.. 
9 .  DESCEND A S  I N  @. 
L O  FUEL ALLOWANCE FOR RESEKVES AND L A N G I N G  I S  THE SUM OF 55 I N I T I A L  F U E L  AND 30 MI f4 .  8 LOITER AT  VELOCITY FOR MAXIMUM ENDURANCE AT SEA LEVEL. 
* U S E  OF 1 0  EiIN. NORMAL POWER IN a P43YIDES F O R  GROUND O P E R A T I O N S  AND 2 T A K E - O F F S  I N  @ A N D  @. 
**CRUISE MPCh IIU?.IBER IS  A V A R I A B i E  IN THE STUDY. 
"'~ure 2. -  Basic radii r; mission. 
TAKE-OFF: ALL ENGINE 0PERATIO;i (SEA LEVEL-STAI-IDARD DAY) 
TAKE-OFF FIED LENGTH -1 
(8.000 FT - BASELIBE) 
LANa I !lG : ALL ENG I WE REVERSE (SEA LEVEL-STAJDARD DAY 
\ 
AVERAGE DECEL "g" = 0,25 
I 
t- LAND IlG FIED LENGTH ~-1(8,000 FT - BASELINE) 
Figure 3.- Takeoff and landing field length diagram; at takeoff gross weight. 
(a) Fuselage configuration A. 
Figure $.- Cross section af fuselage configurations; 463 L p a l l e t i z e d  cargo. 
(b) Fuselage configurat ion B. 
Figure 4.- Continued. 
( c )  Fuselage configura~ion C. 
Figure 4 . -  Coqtinued. 














f I I I 1 
100 200 300 400 500 
DESIGN PAYLOAD (1,000 LB) 
Figure 5.- Cargo compartment floor length; 463 L palletized cargo. 
1 CARGO COMPARTMENT-+- 
FUSELAGE 
CONFIGURATION 
L ( I N , )  
(a) Forward fuse lage .  
Figure 6.- Fuselage contxrs .  
COMPARTMEWT 
+- 7 1 
FUSELAGE 
CONFIGURATION 
(b) A f t  fuselage. 


















100 200 300 400 500 
DESIGN PAYLOAD (1,000 LB) 
Figure 7.- T o t a l  fxselage length; 463 L pal le t ized cargo, 
7 TAKE-OFF FIELD LENGTH = 9,000 FT \ f TAKE-OFF F I E D  LENGTH = 10,000 FT 
_1 7s 2czzi.,- 
RANGE = 6,100 N,M, 0.75 
- . -  - 
PAYLOAD = 350,000 LB 
OPTIMUM CONFIGURATIONS L LANDING FIEUI LENGTH = 8,000 FT 
(a) Bask range mission. 
Figure  8.- Configurations optimized f o r  minimum gross weight w i t h o u t  takeoff 
o r  landing field length constraints. 
FIELD LENGTH = 8,000 FT 7 
TAKE-OFF FIELD LENGTH = 10,000 
RADIUS = 3,600 N,M, n 
PAYLOAD = 350,000 LB 
L J  
OPTIMUM CONFIGURATIONS 
(b) Basic radius  missfon. 
Figure 8.- Concluded. 
RADIUS = 3,600 N , N l  
PAYLOAD = 350,000 LS 
OPTIMUM CGNFIGURATIONS 
Figure 9.- Configurations optimized f o r  minimum gross  weight with an 8000-ft 
takeoff field length constraint;  basic radius mission. 
Figure 10.- Baseline I configuration arrangement. 
- 
RADIUS = 3,600 NtMn 
PAYLOAD = 350,000 LB 






Figure 11.- MinZmum gross weight configurations fu.: the basic rat?ks mission; 
8000-ft r ~ k e o f f  field length, 
3,600 N,M, RADIUS MISSION 
8,000 FT TAKE-OFF 
MCRUISE = 0.75 
OPTIMUM COr4FIGURATIONS 
250 300 350 
PAYLOAD (1,000 LB) 
Figure 12.- Effect of payload and fuselage sizing on configurations aprirized 
for minimum gross weight. 
PAYLOAD = 350,800 13 
8,000 FT TAKE-OFF 
OPTIMUM CONFIGURATIO!4S 
BASELINE I I (MCRU I SE = 0,801 
(90371) 1 I (67619) (54006) 
[SEA LNEL STATIC THRUST PER SiGINt 
l a g L  I 1 1 
6 8 10 
NUMBER OF EIGINES 
Figure 13.- Effec t  of n u ~ b e r  of engines on configurations optinized f 3 r  nininun 
gross r,:eight. 
3,600 N,M, RADIUS MISSION BASELINE I 
PAYLOAD = 350,000 LB 
8,000 FT TAKE-OFF 






Figure 14.- Effect of load f ac to r  on coafigurktions optimized f o r  m i n i m u m  grass 
weight. 
- 
3,600 N , M ,  FADIUS MISSION 
PAYLOAD = 350,000 LB 
8,000 FT TAKE-OFF 
PICRUIsE = 0.75 
- 
PERCENT INITIAL FUEL 
Figure 15.- Effec t  of reserve fuel r equ i -~ment s  on configurations optimized for 
m i n i m u m  gross weight.  
' 1 3  r3 .600  N U N ,  RADIUS MISSION 
PAYLOAD = 350,000 LB 
8,000 FT TAKE-OFF 
OPTIMUM CONFIGURATIONS 
YINIMUM GROSS WEIGHT CONFIGURATIONS 
(FROM FIG, 11) 
REOPTIMIZED FOR 
3,375 AND 
FUEL RESERVES = 2,5% 
Figure 16.- Combi.le6 effect of load factor and reserve f u e l  requirements cn 
conFigurations optimized f o r  ninimum gross weight.  
B A S E L I N E  I I 
3,600 N , M l  RADIUS M I S S I O N  
PAYI-OAD = 350,000 LB 
8,000 FT TAKE-OFF 
OFT IMUM CONFIGURATIONS 
- 
- 1 Ad 
,7 8 ,9 l I O  
WING WEIGHT MULTIPLYING FACTOR 
Figure 17.- Effect o f  wing weight on configurations optimized for minimum gross 
weight .  
% CHANGE I N  \Ig 
s = = 0,219 
12 CHAUGE IN T/W 
3,600 ILM, RADIUS MISSION 
PAYLOAD = 350,000 LB 
MCRUISE = 0175 
= -0,249 
Figu re  18.- Examples of grnss weight s e n s i t i v i t i e s ;  nonoptimum. 
PAYLOAD = 350,000 LB 
LINES OF MAXIMUM 
MACH NUMBER 
Figure 19 .- Maximum Mach nunber capabil i ty.  
- 
BASELINE I PAYLOAD = 350,OOQ LB 
- 
- FUEL USED IS MISSION 
FUEL PLUS PAYLOAD 
- 
CONVERTED TO FUEL 
- I I /  
NOTE: MISSION FUEL IS FOR 
- 
3,600 N , M ,  RADIUS 
MISSION LESS 5% 
RESERVE FUEL 
14 8 5 ,6  
ENDURANCE MACH NUMBER 
Figure  20.-  Maximum endurance c a p a b i l i t y .  
T n T :  --- -,- 
, , . .,>: !-jcll~7I~!':'r OF' T H I  
(-!!l{:.j ;,!..:\ 1, Fi?.(*E is Puom 
3,600 l J u M n  RADIUS MISSION 7 
- 
-. f 
- 6,100 N , M ,  RANGE MISSIOPi-=' 
PAYLOAD = 350,000 LB 
8,000 FT TAKE-OFF 
Figure 21.- Baseline IT. configuration at off-design conditions. 
PAYLOAD = 350,000 LB 
8,000 FT TAKE-OFF 
BASELINE I FIXED 
BASELINE I KESIZED 
FG,' EACH RADIUS 
RADIUS, N t M l  
(a) Radius mission. 
Figure 22.- Baseline I configuration at nff-design conditions. 
PAYLOAD = 350,000 LB 
8,000 FT TAKE-OFF 
- M c ~ u ~ s ~  = 0,75 
BASELINE I FIXED 
BASELINE I RESIZED 
FOR EACH RANGE 
- 
- 
t - 1 f I 1 I 
3,500 4,000 4,5QO 5,000 5,500 6,000 6,500 
RANGE, N,M,  
(b) Range mission. 
Figu re  22. - Concluded. 
TAKE-OFF DISTANCE = 7.000 FT 
(a) Carpet plot. 
Figure 23.- Baseline I configuration resized for various payloads and r .,e 
missions; Mcruise = 0.75, W/S = 125. 
PAYLOAD = 350,000 
(b)  Effect of takeoff f i e l d  length. 
Figure 23.- Concluded. 
4 6 8 
RANGE (THOU SArD N ,!'I, 1 
F i g ~ r e  24.- Range-payload tradeoff; 8000-ft takeoff f i e l d  length. 
NUMBER OF AIRCRAFT 
(a) Effect of number of aircraft. 
Figure 25.- Development and product*an costs. 
BASELINE I I 
PAYLOAD = 350,000 LB 
- 
BASELINE I (MCRUISE = 0,8) 
sE = 0175) TOTAL = 12,40 
- TOTAL = 11.81 
(h) Cost breakdoxn f o r  100 aircraft. 
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I MASS PROPERTIES I 
PROPULSION 
I TRAJECTORIES I 
] OPTIMIZATION CONVERGENCE 
STRUCTURES 
I ECONOMICS I 
SENSITIVITY 
Figure 26.- Aircraf t ,  synthesis progran disciplines* 
CALCULATED WING WEIGHT, LB 
Figure 27.- Cor~elation of  wink reight equation. 
CALCULATED Fk!SEtAGE WEIGHTS (LB) 
Figure 28.- Sorrelation o f  fuselag? weight equation. 
FLAP ANGLE 







-5 0 5 10 I5 20 
a, DEG 
Figure 25.- Takeoff and landing lift characteristics used in study. 
I NSTALLED THRUST 
SEA LEVEL STANDARD BAY 
- 
I I I 
0 _to0 200 300 
VELOCITY, KTS 
Figure 30.- Thrust lapse rate with takeoff velocity for study engine. 
F i g u r e  31.- Generalized form of takeoff f i e l d  length  used in study; all engine 
opera t ion  over a 50-Et obstacle. 




Figure 32.- Takecff field length used in study; all engine operation over a 
50-f t obstacle. 
(b) Required  thrust-to-weight r a t i o  f o r  8000-ft takeoff distance. 
Figure 32.- Concluded. 
CL*~,, = 1.66 CL,,, = 1,25 
(WITH ROTAT ION (NO ROTAT ICNI 
I I I I L I 1 I 
4 5 6 7 8 9 10 11 
LANDING FIELD LENGTH (1,000 FT) 
Figure 33.- Landing f i e l d  length used in study. 
Figure 34.-  C-5A general arrangement. 
-b 
ALTITUDE 
k- RAYGE = 1,700 NmMn --I 
&J TAKE-OFF - 5 M I N I  NllRMAL RATED THRUST FOR GROUND OPERATIONS AND TAKE-OFF AT SEA LEVEL 
2, CLIMB - COiiSTANT INDICATED AIRSPEED CLIMB AT NORMAL THRUST TO LONG-RANGE CRUISE ALTITUDE 0- 
CRUISE - ACCELERATE TO AND CRUISE AT OPTIMUM CRUISE-CLIMB ALTITUDE AT 440 KTS 
(M = 0,751 FOR 1,300 N,M, FROM TAKE-OFF POINT 
@ DESCENT - DESCEND TO SEA LNEL: NO FUEL CDST; NO RANGE CREDIT 
(5,) LOITER - 30 MIN, LOITER AT VELOCITY FOR MAX. ENDURANCE AT SEA LNEL: NO RANGE CREDIT 
6, LAND - LAND WITH 5% IWITI4L FUEL RESERVE; !iO FUEL COST: NO RANGE CREDIT 0-
POINT DESIGN PARAMETER - AIRCRAFT \!ILL ACHIEVE MACH = 0,75 AT 32,000 FT ALTITUDE AT 
NORMAL THRUST AT END OF CLIMB @ 
Figure 35.- C-5h basic range mission; payload = 265,000 Ib .  
+ R A D I U S  = 1,000 N - M -  
-I 
@ T A K E - O F F  - iD M I N .  74ORMAL RATED THRUST FOR G R O U N D  OPERATIONS A N D  TAKE-OFF AT SEA L E V E L  
C L i M B  - CONSTANT I8DICATED A I R S P E E D  C L I M B  AT N O R M A L  THRCST TO LONG-RAriGE CRUISE ALTITUDE 
@ CRUISE - A C C E L E R A T E  TO A N D  C R U I S E  AT OPTIMUH CRUISE-CLIMB ALTITUDE AT 440 KTS {MACH = 0.75) 
FCF 1,000 N.M. FROM TAKE-OFF POINT 
@ D E S C E N T  - DESCENT T d  S E A  L E V E L  A N D  L A N D ;  NO R A N G E  C R E D I T ;  3OT F U E L  COST. U N L O A D  P A Y L O A D  
@ TAKE-OFF - :IITHOUT R E F U E L I N G ;  NO PAYLOAD 8 C L I M B  - AS I N  @ OF1 R E T U R N  LEG C R U I S E  - R E T U R N  CRUISE A S  IN @ 
@ D E S C E N T  - DESCEND TO SEA LEVEL; N O  FUEL COST; 10  RAYiGE C R E D I T  
@ LOITER - 30 MIN. LOITER AT VELOCITY FOR M A X  E N D U R A R C E  AT SEA L E V E L ;  20 R I l G E  C R E D I T  
@ L A N D  - L A N D  WITH 5 ,  I N I T I A L  F U E L  RESERVE; 91) F U E L  COST; NO R A N G E  CREDIT -
P O I N T  DESIGN P A R A M E T E R  - A I R C R A F T  W I L L  A C H I E V E  MACH =' 0.75 AT 32,000 F i  A L T I T U D E  AT 
I O R M A L  THRUST AT END O F  C L I M B  @ 
Figure 36.- C-5A basic  radius mission; paylvad = 265,U - 0 .  
(a) Top v i e w .  
Figure 37.- Computer graphics display of XCSYtT-generated C-5A. 
(b) S o t t o m  vie:;. 
Figure  37.- Concluded. 
ACSYNT 
0 DATA 
(a) M i n i m u m  drag coefficient versus 3fach number. 
Figure 39.- C-5X m i n i m u m  drag correlation; altitude = 30,000 ft. 
ACTUAL-THEORY 4 PERCENT ERROR = ACTUAL X 100 
(b) Error  analysis. 
Figure 38. - Concluded. 
0 DATA-UNTRIMMED 
-- TRIMMED UNTRI MB } ACSYNT PREDICTION 
0 4 8 0 4 8 0 4 8 
ANGLE OF ATTACK, DEG 
Figure 39.- C-5A lift curve correlation. 
Figure 40.- C-5A induced drag correlation. 
M ALTITUDE, FT 
0 0.0 0.0 
@ 0.38 0,O 
@ 0,51 30,000 
@ 0 , 7 7  30,000 
ENG INE SPECS 
-- ACSYWT PRED ICTIOil 
,2 Q t J 
0 10,000 20,0000 30,000 40,000 
THRUST, LB 
Figure 41.- General Electric TP39-1 engine correlation (C-5A engine). 
M ALTITUDE, FT 
0 om0 O , o  
@ 0.48 15,000 
@ 0.70 30,000 
@ 0.80 30,000 
ENGINE SPECS 
-- ACSYNT PREDICTION 
THRUST, LB 
Figure 42.- Pratt and W'hitney JT9D-25 engine correlation. 
- MISSIONS 
a-7 RANGE 





GROSS WT FUEL 
ACTUAL W T  NUMEERS 
255,797 30,379 
STRUCTURE 
wi (COMPUTED) - wi (ACTUAL) 
Awi = 
Wi (COMPUTED) 
Figure 43.-  ACSn'T-sinulated C-5A compared to actual C-5A we.ights. 
r MISSION 
W j  (COMPUTED) - Wi (ACTUAL) 
Awi = - 
WI (COMPUTED) 
Figure 44.- Optimized ACSYNT aircrafr for C-5A basic range mission compared t o  
actual C-5A weights. 
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WING MOUNTED ENGINES 
ASPECT RAT I0 6-9 
(a) Unit wtng w e i ~ h t  versus gross rcelght. 
Figure 4 5 . -  Substantidtbui~ of calculated wing wigh ts ,  
/BASELINE I 18r N i N G  MOUNTED ENGINES kx .... --...  . 
.. . .- I ASPECT RATIO 6-9 L.;:;.!-: : 
TRCRAFT 
(b) Unit wing r~efght  versus wing loading. 
Figure 45.- Continued. 
W I N G  MOUNTED ENGINES 
ASPECT RATIO ;= 6-9 
( c )  Icing weight f rac t ions  versus gross weight. 
Ftgure 45 .- Concluded. 
( . I )  Thrr~o-quarter t n p  v1i.w. 
1:ljiurt~ 4 6 . -  Computer grallt~lcs dif iplny ilf  r ~ s u l t ~  for h ; i ~ r * l f i i v  I i-[)nfi l:~lt' , i t  i t?!  .
RDROI)UCIT-~~T fT.TY OF THE: 
O~IGLY~UA ;."!I;":E J.3 POQJt 

MACH 
I I I 
4 6 8 
ANGLE OF ATTACK 
( c )  1 , i f  t curve:;. 
F l g u r e  4 6 . -  (:c~ntinut?d. 
Ed) Zero-lift: drag bui ldups .  
Figure 4 6 . -  Continued. 
( c )  Drag polars .  
F igure  4 6 . -  Continued. 
( f )  Lift/draR ratios. 
F i g u r e  4 6 , -  Continued. 
I I I I 1 I 
18 2\9 30 48 50 60 
TKRUST (THOUS. LBS , ) 
(g)  T h r c ~ t  t l e d  cnginc r l ~ n r n r t c r i s  tics. 
Figure  46.- Cnnt inucd.  
STRUCTURE PROP F IXED EQUIP FUEL 
(11) Component ~ ~ c i g l ~ t  frac t ions .  
F i g u r e  4 6 . -  Cnncludcd. 
